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Abstract
Few years ago the communications industry announced a plan for the introduction of fifth gen-
eration (5G) wireless network. Unlike the previous successive generations which are a slight
iteration of their predecessor techologies, 5G is going to be a major leap in the communica-
tion industry by introducing several new applications, which have never been covered by any
telecommunication standards. Example of such applications are the Ultra reliable low-latency
communications, vehicle-to-everything and the internet of things. And in order to meet these
new challenges, researchers world over are seeking new methods and techniques that will make
the 5G revolution a reality.
Index modulation for multicarrier systems which is the focus of this thesis is one of the new
physical layer technologies that holds the promise of improving data rates without increasing
the system bandwidth, as well as improves energy efficiency. Orthogonal frequency division
multiplexing with index modulation for example conveys information by selecting and activat-
ing a subset of OFDM subcarriers for M-ary symbol transmission. In addition to the M-ary
symbols, information is encoded into the indices of the active carriers to improve spectral ef-
ficiency. The energy saved from the inactive subcarriers can be redistributed through power
redistrbution policy (PRP) among the active subcarriers to improve SNR or can be saved, by
implementing the power saving policy (PSP), therefore improving the energy efficiency.
In order to provide a valuable reference and guideline for the design of OFDM-IM systems,
this thesis has analysed the error performance of both single active and multi active subcarri-
ers per cluster systems and as a result, provides a generalised bit error rate (BER) expression
for OFDM-IM in the AWGN channels. Using (n=2, k=1, M-ary) OFDM-IM configuration,
a closed form BER expression of OFDM-IM in a Rayleigh fading channel has also been de-
rived. Analytical results show that the BER of an OFDM-IM system is a weighted sum of
exponentials and Q-functions which conforms well with the numerical results up to a BER of
10−6.
This thesis also looks into the potentials of coded OFDM-IM systems by investigating various
detection techniques. It has been discovered that the optimum detection for coded OFDM-
IM systems which is the log maximum a posteriori probability (Log-MAP) soft detector, is
computationally complex for practical applications. However, low complexity detectors can
be used in order to enjoy the full benefits of the coded OFDM-IM systems. Hence, two low
complexity soft detectors have been proposed in this thesis; one based on dominant carriers
detection and the other based on equalized symbols with pairwise log likelihood ratio (LLR)
approximations. The dominant carriers detection method has a very significant reduction on
detection complexity and in OFDM-IM system with symmetric subcarrier activation, its BER
performance is near to optimum detector. For non-sysmmetric subcarrier activation, there is
an irreducible error floor due to unequal distribution of active subcarriers. The pairwise LLR
approximation method with its linear growing complexity shows that it is possible to decode
any size of OFDM-IM system with minimal performance loss. Finally, recommendations have
been given on how to improve the performance of non-sysmmetric OFDM-IM systems to make
such systems employable in the real life scenarios.
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Chapter 1
Introduction
The wireless Industry and particularly mobile communication continues to experience a fast-
paced evolution, due to the increase in number of users with its attendant huge demand for
connections worldwide. Roughly every decade, the next generation of wireless communica-
tions is created, and with it comes greater speed, capabilities, and applications. For example,
the ‘First Generation (1G) System launched in the 1980’s under the name Advanced Mobile
Phone System (AMPS) in United States of America and Total Access Communication Sys-
tem in the United Kingdom was a purely analogue, voice-based mobile network, that operated
at a speed of 2.4Kbps. Unlike the 1G system, 2G which came in the early 90’s and gener-
ally known as Global System for Mobile Commucations (GSM), used digital radio signals
and became very popular across the world, featuring some additional services to the voice
communication, such as short message service (SMS), multimedia messaging (MMS) with
generally better quality and higher speed of 64Kbps. To improve the data rate of conventional
2G systems, so-called 2.5G and 2.75G systems evolved to yield the general packet radio ser-
vice (GPRS) with maximum speed of 171Kbps and enhanced data rates for GSM evolution
(EDGE) with a speed of 473Kbps respectively. By 2001, this continuous demand for increased
data rate led to introduction of 3G systems (384Kbps to 2Mbps), represented by the universal
mobile telecommunication system (UMTS) based on wideband code division multple access
(W-CDMA), and later enhanced to high speed packet access (HSPA) and HSPA plus (HSPA+).
With the 3G systems and its variant, video call was supported for the first time, smart phones
proliferated the markets and alot of new applications such as multimedia chat, email, games,
social media and healthcare services were introduced and more concern was given to security
issues more than ever. Still in the quest for faster networks and a platform to support new ap-
plications, by around 2010, long term evolution (LTE) system thought to be the 4G system was
1
2introduced, employing a different access scheme called orthogonal frequency division multiple
access (OFDMA), which was more spectrally efficient than previous schemes. However, as
the industry obtained detailed standards for true-4G requirements, it was clear that LTE did
not meet these expectations, and significant improvements were made to attain all-IP, true 4G
systems called IMT-Advanced (represented by 3PPP LTE-A and WIMAX 2 802.16m) capable
of providing upto 600Mbps using techniques such as carrier aggregation and antenna diver-
sity [2–5].
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GSM
3G
UMTS
4G
LTE-A
5G
“cm/mm wave”GPRS/
EDGE
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HSPA+
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Figure 1.1: Mobile Network Evolution Trend
International mobile telecommunication- advanced (IMT-Advanced) specifications seemed quite
amazing some few years ago, but with newer systems and services such as internet of things
(IoT), smart grid and machine-to-machine communications (M2M) requiring ubiquitous con-
nectivity with very minimal latency and improved energy efficiency, it is obvious that the evo-
lutionary trend of mobile networks is yet to reach its peak. Just recently, LTE-A Pro (3GPP
Release 13 +) has been standardized, and opens a wide range of usability which goes beyond
just mobile scenarios. This is seen as a foundation to 5G standardization, as it features novel
technologies and aims to improve varying performance metrics. Particularly, LTE-A Pro is of-
ficially standardized to support Gigabit LTE to provide seamless 5G-like connectivity, LTE-IoT
that begins the IoT connectivity, Cellular-vehicle to everything (C-V2X) network to facilitate
autonomous driving/automotive road safety and ultra-low latency communications (uLLC). In
addition to the variety of new applications already seen in the foundation for 5G standardiza-
tion, experts have predicted growth in mobile data traffic at a compound annual growth rate
(CAGR) of 46 percent from 2017 to 2022, reaching 77 exabytes per month by 2022 [1]. Other
3studies claim the number of connected devices by 2021 to be more than 25 billion, with the
majority being for Internet of Things (IoT) driven mainly by M2M – smart and remote me-
tering, intelligent cars, telemedicine etc. And 5G systems are expected to come into play by
2022 with up to 550 million subscriptions worldwide to provide lightening speeds with very
minimal delay and ubiquitous connectivity [6]. Fig. 1.2 provides a chart of such data explosion
as predicted by Cisco.
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Figure 1.2: Global Mobile Data Traffic Growth; 2017-2022 [1].
In order to achieve these ambitious goals set for 5G wireless networks, some of the physical
layer solutions such as mssive multiple-input-multiple-output (Massive-MIMO), millimeter-
wave (mmWave) communications and new/flexible waveform designs, which were proposed
as a response to the draft report of the International Telecommunication Union (ITU) on key
performance requirements of IMT 2020 [7], would play major roles in achieving greater spec-
trum and energy efficiencies in the design of 5G physical layer. It can be seen already that
because of the robustness of OFDM waveforms, ease of implementation and efficiency, which
has been adopted in several communication standards including the third generation partner-
ship (3GPP) LTE and IEEE802.11 standard families, researchers are already working on sev-
eral variants of it such as filtered OFDM (FOFDM), windowed OFDM (WOFDM), filter bank
multicarrier (FBMC), universal filtered multicarrier (UFMC) among others [8], as candidates
for 5G systems. And to improve the ways in which information can be conveyed compared to
the traditional communication systems, index modulation (IM) technique which is an innova-
tive method of encoding information unto multi dimensional constellation is been considered
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for 5G systems, due to the attractive advantages they offer in terms of spectral efficiency and
simplicity of implementation.
1.1 Motivation and Objectives
IM systems provide an alternative way of transmitting information in contrast to the traditional
methods of modulating amplitude/phase/frequency of a carrier signal transmission. They in-
stead transmit additional data by mapping information bits to various combinations of their
transmission entities. These can be the transmit antennas in MIMO system or subcarriers in
a multicarrier transmission system such as OFDM. IM that are based on transmit antennas
are referred to as Spatial Modulation (SM) systems while those that are based on data to sub-
carrier combination mapping are known as subcarrier index modulation (SIM) or multicarrier
index keying (MCIK). IM systems in otherwords create a new additional dimension for data
transmission and interestingly these systems can be designed to offer a good trade-off be-
tween energy and spectral efficiency. The aim of this thesis is to investigate the emerging IM
based OFDM multicarrier techniques and their application to next generation wireless commu-
nications. More specifically, the thesis focuses on performance analysis and low complexity
detection for coded IM based OFDM system with the following objectives:
• To analytically model the BER performance of index modulation based OFDM systems
in AWGN and fading channels to serve as a tool for performance evaluation of any
arbitrary dimensioned OFDM-IM system.
• To analyse the detection complexity of coded-OFDM-IM systems based on optimum and
sub optimal detection.
• Propose novel low complexity soft detection techniques that can be used for practical
applications.
1.2 Thesis Structure and Outline
The rest of this thesis is organized as follows:
• Chapter 2 provides the theoretical background and concepts that form the building blocks
for index modulation based multi carrier systems, such as OFDM and SM with details
about their structure, advantages and their disavantages. In addition, a literature review
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of the development of OFDM-IM system is provided, in the areas of design and en-
hancement of the system, error performance and capacity analysis, generalization, op-
timization and its adaptation to different wireless environments. Review and state of
art methods for coded OFDM-IM and the state of art soft detection methods are also
provided.
• In Chapter 3, a brief introduction and overview of the system model to be considered
for our analysis is presented. Then a brief overview of the optimum receiver (ML de-
tector) is given. The analytical derivations and general expression for bit error due to
index modulation for single active carrier system are also presented. Derivations are
extended to generalised bit error expression for multi-activated carrier OFDM-IM sys-
tem for AWGN channel. A further analysis has been done to show the derivation of bit
error expression for rayleigh fading channel. In addition to the BER expressions, the
numerical simulations to validate the derived generalised expressions are also presented.
Finally, conclusion is given to highlight the result the contribution in this section. The
work done in this chapter has been submitted for publication in IEEE Access.
• In Chapter 4, a brief introduction to COFDM-IM systems and the system model of a
single-level coded OFDM-IM are given. Haven already presented the state of art soft
detection schemes in chapter. 2, the optimum detection methodology is applied here to
analyse its computational complexity. Next, the methodology of the proposed dominant
carrier soft detection technique is presented. Additionally, the second proposed equalizer
based soft detector with LLR approximation is presented. To evaluate the performance of
the proposed detectors and compare with state of art, numerical simulation of the BER
and analysis of the computational complexities are provided. Results discussion was
presented afterwards and the chapter concluded. Part of the work done in this chapter
will also be submitted soon for publication in IEEE Communication Letter.
• Chapter 5 provides the summary of the thesis, contributions and concluding remarks. It
also summarizes the major findings of this thesis and highlights some potential research
areas that could be explored as an extension to this work.
1.3 Overview of Contributions
The main contributions of this thesis can be broadly categorized under BER performance evalu-
ation modelling for index modulation based multicarrier systems and soft detection techniques
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for coded index modulation based multicarriers systems. The contributions can be highlighted
as follows:
• Analysis on the bit errors that can arise from distinguishing between active and inactive
carriers at the receiver over AWGN channel is presented. The BER performance model
gives an insight into how much performance degradation can be injected into the system
as a result of subcarrier cluster size.
• Analytical and generalised model for the evaluation of index BER for a multi carrier
activated OFDM-IM subcarrier cluster has been derived. This also gives insights into the
BER degradation and offers trade-off between capacity achievement and performance
effect of the M-ary modulators.
• Based on the closed form expression for the evaluation of BER derived above for any
combination of OFDM-IM parameters, it has been shown that by some mathematical
analysis, it can be extended to rayleigh fading channels to accurately evaluate its error
performance. With this, any type of fading channel can be applied to evaluate its BER
performance.
• A proposal for a reduced complexity soft bits detector based on dominant carrier de-
tection has been presented. This contribution, motivated by sphere decoding, assigns
dominant subcarrier index to each bit of the OFDM-IM symbols and detect the soft bits
accordingly. This prevents the detector from searching through all lattice points of the
constellation and hence reduce detection complexity.
• In another proposal to design low complexity soft detectors for coded OFDM-IM, sim-
ple linear equalizer have been utilised to correct the effect of fading on the transmitted
signal, and by assuming the residual noise on the signal is Gaussian distributed, a pair-
wise log-likelihood ratio ML detectionhas been presented. The pairwise LLR detection
reduces the complexity of nesting operation in computing the exact LLR. By further
approximating the pairwise LLR expressions, the detection was shown to be reduced to
linear equations that only require complex addition and subtraction opertions to compute
the soft bit values.
• Complexity analysis of state of art soft detection techniques as well as proposed soft
detectors have been presented and compared and a numerical BER performance results
are shown.
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Chapter 2
Background and Literature Review
This chapter focuses on the topics that form the major components of this thesis. Firstly,
the fundamentals of OFDM system is introduced being one of the most popular multicarrier
systems which has found application in many recent communication standards including the
last mobile generation (4G) wiresless systems. The performance of OFDM is highlighted as a
bench mark for performance comparison with IM based OFDM, some of the key developments
are reviewed and its advantages and disadvantages are also presented. Next, the concept of
index modulation (IM )which is a promising modulation technique for 5G applications is intro-
duced and two prominent IM based systems, namely spatial modulation and IM based OFDM
systems are literary reviewed with highlights on their implementation, performances and some
of the key contributions so far. To this end, a gap in knowledge is identified which this thesis
profers solutions for. Finally, an overview of coded OFDM-IM schemes are presented as they
form the integral part of the system models of IM based OFDM systems.
2.1 Orthogonal Frequency Division Multiplexing(OFDM)
Orthogonal Frequency Division Multiplexing (OFDM) is a multicarrier transmission technique
whereby the available spectrum is sub-divided into multiple narrow band carriers, each one be-
ing modulated by a low-rate data stream. This makes OFDM a special case of Frequency
Division Multiplexing (FDM) scheme with an additional constraint that individual subcarrier
signals are orthogonal to each other, and are time and frequency synchronised thereby elimi-
nating cross-talk between sub-channels as well as inter-carrier interference (ICI) [9]. Because
OFDM has inherent ICI prevention mechanism and do not require guard bands between sub-
carriers, they are more spectrally efficient. And due to the narrow band nature of individaul
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subcarriers within the OFDM pack, OFDM is quite resistant to frequency selective-fading, al-
lowing for very simple equalization. OFDM is a well matured technology which has been
extensively presented in many literatures [10–16].
2.1.1 OFDM Structure and Principles
Generally, OFDM allows the transmission of a number of parallel low-rate data streams (where
symbols are relatively long compared to the channel impulse response) through orthogonal
subcarriers rather than a singly high-rate stream and therefore are affected less by intersymbol
interference (ISI) and have zero ICI. OFDM achieves orthogonality in the frequency domain
by allocating each of the separate information signals made up from a sum of sinusoids, to
individaul subcarriers of which baseband frequencies are chosen to be an integer multiple of
the inverse of the symbol time, resulting in all subcarriers having an integer number of cycles
per symbol. As a consequence the subcarriers are orthogonal to each other. Sets of functions
are orthogonal to each other if they match the conditions in equation that follows.
T∫
0
si(t)sj(t)dt =
{
C
0
i = j
i 6= j
(2.1)
Figure 2.1: OFDM Signal Spectrum Showing Orthogonal Subcarriers
If any two different functions within the set were multiplied, and integrated over a symbol pe-
riod, the result is zero, for orthogonal functions. Example of orthogonal subcarriers is given
in the OFDM signal spectrum shown in Fig. 2.1. In order to ensure intersymbol interference
remains at a tolerable level, a guard interval is inserted between the OFDM symbols especially
since the duration of each symbol (Ts) is quite long, thereby eliminating the need for pulse
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shaping filters and their associated complexities. As this guard interval contains no useful in-
formation, it is easily discarded at the receiver.
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Figure 2.2: OFDM System Transceiver Structure
OFDM system is composed of three major principles of operation. Firstly, the transmission
(modulation) component is by Inverse Fast Fourier Transform (IFFT) while reception (demod-
ulation) is by Fast Fourier Transform algorithms, replacing the conventional banks of I/Q mod-
ulators/demodulators that would have been employed [11]. Secondly, a cyclic prefix (CP) is
introduced as the guard interval previously mentioned, with length (Tg), which is larger than
the maximum delay of the multi-path delay of the channel in order to completely avoid inter-
symbol interference (ISI) [17]. The total duration of the OFDM symbol is therefore represented
as T = Ts + Tg, where Ts is the symbol duration as previously designated. The cyclic pre-
fix is simply a copy of the end part of any OFDM symbol, which precedes that particular
OFDM symbol as shown in Fig. 2.2, such that the linear convolution of the frequency-selective
multipath channel can be modelled as circular convolution, which in turn transforms the fre-
quency domain via a discrete Fourier transform in the receiver. This approach enables simple
frequency domain processing, thereby simplifying the equalization process. However, since
this CP is actually an overhead (a repetition of already transmitted data) that consumes system
capacity, its length ought to be appropriately selected. Usually, one tenth to one-quarter of
the symbol period has been found to be an acceptable range [11]. Lastly, forward error control
coding (FEC) and interleaving are employed to counter the likelihood of bit errors arising when
the data symbols transmitted on the subcarriers could be attenuated by the frequency selective
channel. Using efficient coding schemes, any erroneous bits are amended by spreading the
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Figure 2.3: Concept of Cyclic Prefix
coded bits over the transmitted system bandwidth [18]. By so doing, frequency diversity of the
wideband channel is exploited. Synchronization (both in time and frequency) is one very fun-
damental issue in OFDM especially for design of the receiver, where it is important to identify
the beginning of an OFDM symbol and align the oscillators of modulators’ and demodulators’
local oscillators frequencies. Any imperfect synchronization could lead to adverse effects such
as loss in orthogonality of subcarriers, leading to creation of ISI or intercarrier interference
(ICI).
2.1.2 OFDM Advantages and Disadvantages
OFDM features some impressive advantages. Some of these are:
• Robustness to ISI and fading due to multi-path propagation
• Improved flexibility and adaptability such that subcarrier-specific transmit parameters
like modulation, transmit power etc could be adjusted based on channel response
• Reduced equalization complexity and better channel estimation
• High spectral efficiency by allowing overlap of orthogonal subcarriers
• Improved protection against narrow-band co-channel interference
• Simplified Time-offset estimation and correction algorithms due to correlation technique
• Use of Fast Fourier Transform significantly improves efficiency of implementation
• OFDM allows for easy implementation of Single Frequency Networks
However it still possesses some major drawbacks due to its operational structure. These are;
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• High Peak-to-average-power-ratio (PAPR), requiring linearizing circuitry, which in turn
pushes the need for very high power amplifiers.
• Sensitive to frequency synchronization problems and hence requires complex frequency
offset correction algorithms
• Reduced efficiency due to use of cyclic prefix.
• OFDM is sensitive to Doppler shift, and hence very difficult to implement on more com-
plex links such as the uplink of multi-user mobile networks where tight synchronization
of signals from all users is essential.
• Lastly, OFDM could allow spectrum leakage to adjacent subcarriers in certain cases such
as; during transmission in non-contiguous frequency bands (carrier aggregation) and, in
applications of Cognitive radio when filling in spectrum holes.
From the first time multicarrier system was explicitly proposed in 1966 in [19] through the
advent of OFDM in [20] to now, a lot of advancement has taken place as regards the design im-
provement, detection, estimation and synchronization, adaptation to different fading channels
etc. A comprehensive survey detailing most of the achievements in OFDM improvement and
application is given by [21], and of worth mention are the works of [22, 23] where OFDM was
analysed and shown to be able to combat most of the limitations that can arise from mobility. In
a bid to continue to satisfy the demand for high data rates and spectral efficiency, applications
such as MIMO-OFDM [24], coded OFDM systems [25], OFDM with diversity [26] etc. have
dominated the research space and with impressive results OFDM became one of the dominant
multicarrier technology in recent times adopted in many communication systems such as dig-
ital TV & audio broadcasting, wireless LANs, Wi-Fi, WiMAX, LTE, ultra-wideband (UMB)
systems.
2.2 Spatial Modulation (SM)
Spatial Modulation (SM) is a new and attractive technique used in MIMO systems to increase
data rate of the system using only a single radio-frequency (RF) chain at any particular trans-
mission instance [27–40]. By employing only a single RF chain despite the multiple transmit
antennas that may be available, it maintains a constant power usage and requires no synchro-
nization between multiple transmit antennas while still eliminating ICI, making it very well
suited for next negation wireless systems. Also, SM requires no additional bandwidth while
leading to increased data rates, thereby making it very spectrally efficient.
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2.2.1 Spatial Modulation Structure and Principles
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Figure 2.4: Spatial Modulation showing single RF-chain versus a conventioanl MIMO system
In Spatial Modulation, the information bits for transmission are divided into two informa-
tion carrying units; A symbol from the complex signalling constellation diagram (log2M),
and A unique transmit-antenna index selected from the available set of transmission antennas
(log2(Nt)). In the first case, the number of bits per symbol will depend on the modulation type
used. In the second case, the number of bits will depend on the number of possible index that
can be represented, whereby the modulated signals belong to a tri-dimensional constellation
diagram which contains both signal and spatial information [28]. Fig. 2.4 shows a typical SM
block and how it compares with conventional MIMO system in terms of single versus multi-
ple RF chains. From the previous section, it can be inferred that the total number of bits to be
transmitted per sub-channel at each instance is determined by the constellation diagram and the
number of transmit antennas. The operational principles of SM can be better understood from
Fig. 2.5 where 4 transmit antennas, 1 receive antenna, and the BPSK scheme are employed.
The total number of bits that can be transferred on each sub-channel with a constellation of size
M and Nt transmitters is;
m = log2M + log2(N) (2.2)
wherem is number of bits per second per Hertz (bits/s/Hz). Based on Eq.(2.2), the constellation
size (log2M) and the number of transmit antennas (Nt) can be traded off for any number of
information bits to be transmitted. E.g. For mapping 3 bits/s/Hz, a combination of Nt = 4 and
BPSK (M = 2) or Nt = 2 and QAM (M = 4) could both be used [27].
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From the previous section, it can be inferred that the total number of bits to be transmitted 
per sub-channel at each instance is determined by the constellation diagram and the number 
of transmit antennas. The operational principles of SM can be better understood from Figure 
2.6 where 4 transmit antennas, 1 receive antenna, and the BPSK scheme are employed. The 
total number of bits that can be transferred on each sub-channel with a constellation of size M 
(log2M) and Nt transmitters is; 
m = log2M+ log2(Nt)     (2-7) 
where m is number of bits per second per Hertz (bits/s/Hz). Based on (2-7), the constellation 
size (log2M) and the number of transmit antennas (Nt ) can be traded off for any number of 
information bits to be transmitted. E.g. For mapping 3 bits/s/Hz, a combination of Nt=4 and 
BPSK (M=2) or Nt=2 and QAM (M=4) could both be used [9]. 
 
 
 
Figure 2.6: Operational Principles of Spatial Modulation using Nt=4, Nr=1, BPSK 
Figure 2.5: Operational Principles of Spatial Modulation using Nt = 4, Nr = 1, BPSK
Using the configuration in Fig. 2.5 (BPSK and Nt = 4), a total of 3 information bits are
transferred on each sub-channel. Initially at the transmitter, the bitstream emanating from
a binary source is subdivided into blocks containing log2(Nt) + log2(M) bits each, where
log2(Nt) and log2(M) represent the number of bits required to identify a particular transmit-
antenna in the antenna-array and a symbol in the signal-constellation diagram, respectively.
Each block is then processed by a SM mapper, which splits each of them into two sub-blocks of
log2(Nt) and log2(M) bits each. The bits in the first sub-block are utilized to select the antenna
that is switched on for data transmission, while all other transmit-antennas are muted in the
current signalling time interval. The bits in the second sub-block are utilized to select a symbol
in the signal-constellation diagram. This implies that from Fig. 2.5, Transmitter 2 will be
activated for data transmission by the first two bits {10} and a –1 binary signal will be sent out
from it corresponding to the third bit {1}. This signal being transmitted by the active antenna
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now goes through the wireless channel. Since the different transmit-antennas have distinct
spatial positions, the signals emanating from each antenna will experience distinct channel
propagation conditions based on their individual, unique transmit-to-receive wireless links.
As only a single RF chain (transmit-to-receive link) is active at any particular transmission
instance, there will only be a single signal received at the receiver. Other transmit antennas
will therefore not radiate any power at this particular instance. In this way, the wireless channel
can be seen to act as a “modulating unit”, whereby it assigns a unique signature to every signal
emitted by a transmit-antenna distinctive and identifiable at the receiver. So unlike conventional
MIMO, antenna switching is based on the incoming bitstream in SM rather than end-to-end
performance.
At the receiver, Maximum Receiver Ratio Combining (MRRC) or Maximum Likelihood (ML)
detection with perfect channel state information (CSI) is employed to estimate the transmit
antenna number (Index), and subsequently the transmitted symbol to retrieve the information
bits using an inverse mapping process that utilizes the same mapping table to that earlier used at
the transmitter. The random modulation introduced by the wireless channel is exploited during
the detection [28]. The receiver must have knowledge of the channel responses of all the 4
transmit-to-receive wireless links (usually via channel estimation in reality) since Nt = 4 in
this case. When ML is used as in Fig. 2.5, the receiver computes Euclidean distance between
the received signal and the set of possible signals modulated by the wireless channel, choosing
the closest one eventually.
2.2.2 Spatial Modulation Advantages and Disadvantages
SM has the following advantages due to its operational principle relative to single-input-single-
output (SISO) schemes and even other MIMO schemes, such as V-BLAST (Vertical-Bell Lab-
oratories Layered-Space-Time) and Alamouti;
• SM totally avoids ISI and Inter-Antenna Synchronization (IAS) which are features of
other MIMO schemes.
• Only requires a single RF chain leading to very simple implementation.
• Interference cancellation algorithms are not required like in V-BLAST, hence simple
detection such as ML could be easily employed at the receiver
• Compared to SISO schemes, there is a multiplexing gain introduced in the spatial do-
main for SM that increases logarithmically with number of transmit-antennas without an
increase in bandwidth. This leads to an increase in spectral efficiency.
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• Since SM concept can work efficiently even with Nr=1, it is very suitable for downlink
scenarios with low-complexity mobile terminals.
• Due to the ability of obtaining distinct transmit-receive links based on different spatial
positions of the antennas, SM is a very good candidate for multiple-access scenarios.
• Has much higher capacity than traditional low-complexity coding methods for MIMO
such as Space-Time Block Codes (STBC).
However, it is note-worthy to highlight some of the major drawbacks of Spatial Modula-
tion;
• A minimum of two transmit-antennas are required
• If for any reason, the transmit-receiver links are not sufficiently distinct, this leads to
sub-optimal performance
• The receiver requires complete CSI for appropriate detection which places some com-
plexity burden on the estimation process. It must estimate NtNr channel impulse re-
sponses.
• The fact that there is only a logarithmic increase in data rate with increase in number of
antennas (i.e.log2Nt) compared to a linear increase in V-BLAST, restricts the spectral
efficiency to only a practical number of transmit-antennas.
More or less like every technology, spatial modulation has undergone alot of investigations in
order to fully understand its potentials for possible standardisation. For example, analytical
study of its symbol error rate (SER) performance has been conducted in [27], and a closed
form expression for the SER is given which closely matched the numerical results. Optimal
detection of SM has been presented with a closed form expression for the BER performance,
and results have shown that SM outperforms the popular multiple antenna systems by upto
1.5dB [28]. [29] presented novel antenna selection techniques, which showed that better SNR
can be achieved over the conventional SM and MIMO through antenna selection pattern. Yet
in another milestone achievement in the development of SM systems, [30] overcomes the con-
straint of the conventional SM of activating only one antenna at any time instance by allowing
a combination of multiple antennas to be activated to increase spectral efficiency. Space time
block codes have been implemented with SM to take advantage of the benefits of the both sys-
tems in [32], while a trellis coded SM has been presented in [36]. Adaptive and differential
implementation of SM have also been investigated in [37,38], while sphere decoding of SM to
reduce the complexity of the optimum detection has also been investigated in [39]. It can be
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assumed that SM systems have been fully developed to compete for a place in the choice of
physical layer techniques for future wireless systems.
2.3 Index Modulation-based OFDM
Index Modulation (IM) represents a special class of modulation techniques which rely on
the activation states of some resources/building blocks for information embedding. These re-
sources could be physical (e.g. antenna, subcarrier, time slot, and frequency carrier) or virtual
(e.g. virtual parallel channels, signal constellation, space-time matrix, and antenna activation
order). The earlier discussed Spatial Modulation is a type of IM which uses antenna as the
physical resource for embedding the information bits. In this thesis, our focus is on the newer
IM scheme called Sub-carrier Index Modulation (SIM), which shall be discussed in the follow-
ing sections. Sub-carrier index modulation (SIM) with OFDM [41–44] actually has its roots
from the earlier works on parallel combinatory OFDM (PC-OFDM) system [45], which was
motivated by the works on parallel combinatory spread spectrum [46] system, for minimiz-
ing the PAPR of OFDM as well as improving bandwidth usage and the BER performance in
AWGN channels. However, the first attempt to propose it as SIM-OFDM was inspired by the
phylosophy of spatial modulation in [42], where OFDM subcarriers are classified as active
and inactive as depicted in OFDM-IM spectrum Fig. 2.6, and their indices are exploited to
implicitly convey information bits. This concept shown in Fig.2.7 was the primitive imple-
mentation of SIM-OFDM, which proved that it can provide significant improvement over the
conventional OFDM in terms of BER performance, PAPR reduction and can also offer trade-
off between spectral and energy efficiencies. In recent years, 5G wireless systems have been
conceptualised to provide unprecedented levels of spectral and energy efficiencies for high data
rate and ubiquitous communications [47]. Accordingly, there has been a growing worldwide
activity to develop new technologies that will support the 5G revolution. Consequently, SIM-
OFDM system has been identified as one of the potential physical layer techniques towards 5G
and beyond target realisation [48–50]. A plethora of research results have been published so
far in the areas of design/enhancement of SIM-OFDM system, error performance/capacity im-
provement and generalization/adaptation to different wireless environments. Even though the
early SIM-OFDM system design has been shown to be capable of outperforming the classical
OFDM and also offering trade-off between power saving and SNR improvement through im-
plementation of power saving policy (PSP) and power redistribution policy (PRP) respectively,
it has a limitation imposed by error propagation as a result of error in index bit detection [42].
In order to tackle this problem, [43, 51] proposed an Enhanced Subcarrier Index Modulation
2.3. Index Modulation-based OFDM 18
Figure 2.6: OFDM-IM Spectrum Showing Active and Non-active Subcarrier with their Indices.
(ESIM) scheme, where subcarriers are grouped into clusters to localize and limit the error
propagation. This scheme is also referred to as ’Orthogonal Frequency Division Multiplexing
with Index Modulation’ (OFDM-IM) [52] or ’Multi-Carrier Index Keying OFDM’ (MCIK-
OFDM) [53, 54] in the literature. Example of ESIM is shown in Fig. 2.8.
Several studies also aimed at improving the throughput of SIM-OFDM systems, and some of
the results have yielded new and improved designs for SIM-OFDM systems. Examples of
such are the two proposed generalised OFDM-IM systems(OFDM-GIM-I and OFDM-GIM-
II), which were basically a modification of the ESIM systems to enhance performance. More
specifically, OFDM-GIM-I is capable of providing flexibility for active subcarriers selection
and can transmit more bits per sub-block compared to OFDM-IM, while OFDM-GIM-II is
for improving the spectral efficiency by applying IM independently for in-phase and quadra-
ture components of the complex data symbols [55]. Furthermore, multiple mode [56], dual
mode [57] and generalized dual mode [58] OFDM-IM structures have also been proposed to
improve spectral efficiency over the conventional OFDM-IM by conveying information through
multiple distinguishable modes and their full permutation. Basically, additional bits are trans-
mitted through indices of subcarriers modulated by the same constellation alphabet, and this
can be improved by altering the number of subcarriers modulated by the same constellation
mode in each sub-block. MIMO and OFDM-IM were combined in another research endeav-
our [59, 60] to take advantage of the benefits of both techniques and it is demonstrated that
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MIMO-OFDM-IM improves the capacity and integrity of OFDM-IM system and provides a
flexible tradeoff between the error performance and the spectral efficiency as well as achieves
considerably better error performance than classical MIMO-OFDM.
Researches are on going to further establish the numerous advantages of SIM-OFDM over the
convenvional OFDM. For example, [61] showed sidelobe suppression and BER performance
improvements in SIM-OFDM over OFDM when N-continuous signal processing is adopted.
This implies that SIM-OFDM system is less prone to spectral leackages, which is a problem
for multicarrier systems. Additionally, SIM-OFDM was found to be less sensitive to phase
noise and doppler due to its robustness and tolerance more than the conventional OFDM [62].
Furthermore, [63] investigated the cell edge performance of FQAM, another IM based trans-
mission system and found out that the noise plus interference signals which is a characteristic
of the cell edge user, deviates from the Gaussian distribution and thus achieves higher capacity
over OFDM at cell edge. [64] analysed OFDM-IM from an information theoretic perspective
and proposed an optimal method for maximizing the energy efficiency (EE) of the system.
In an attempt to continuously improve IM based OFDM, OFDM with Interleaved Subcarrier
Index Modulation (OFDM-ISIM) has been proposed in [65], and result has shown that increas-
ing the Average/ Minimum Euclidean Distance (AMED) of elements within the sub blocks can
substancially improve the BER performance. To further improve the distribution of AMED,
a novel subcarrier allocation scheme based on optimal search algorithm was proposed in [66]
which maximixes AMED among the clusters and simplified search algorithm which allocates
subcarriers by sorting the channel gains have been presented . Owing to the degraded perfor-
mance of OFDM-IM in severely fading environments, the diversity potential of OFDM-IM has
been investigated in [67,68] using Coordinated Interleaved OFDM-IM (CI-OFDM-IM)-where
CI in conjuction with Space Time Block Codes Performance analysis based on the ML detec-
tion for both coded and uncoded systems show significant BER performance improvements
over OFDM and OFDM-ISIM. Yet in another novel OFDM-IM scheme called repeated index
modulation with coordinate interleaved OFDM (RIM-CI-OFDM) [69], performance analysis
using both the optimal ML and low complexity ML detectors shows that higher reliabilty and
flexibility in accurately detecting index and M-ary symbols can be achieved. Details of the
SIM-OFDM, ESIM-OFDM and a general transmitter structure are given in the following sub-
sections.
2.3.1 Subcarrier Index Modulation (SIM) OFDM
From the Fig. 2.7 below, the incoming bitstream is partitioned into two bit-streams of equal
length. Generally, the first bit-stream referred to as BOOK determines which sub-carriers will
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Figure 2.7: SIM-OFDM Transmitter Structure
be activated while the second bit-stream referred to BQAM , determines the data symbols that
are carried by the active sub-carriers. Firstly, BOOK bit stream is inspected and the SIM mod-
ulator forms two subsets of (ones and zeros). By simply comparing the cardinality of the two
subsets, the type of the majority bit-value can be determined. (i.e. The majority bit type is
determined by checking which bit value, 1 or 0, has more occurrences). Secondly, the loca-
tion of each bit in BOOK is associated with the index of each subcarrier. Then, the group
of subcarriers associated with the subset of the majority bit-value is selected to be modulated
by the second bit-substream BQAM , while the remaining subcarriers are powered down (sup-
pressed before the signal modulation). In other words, the bit-substream BOOK is used in an
On and Off Keying (OOK) manner to activate those subcarriers whose indices correspond to
the majority bit-value. The kind of majority bit value (ones or zeros) can be estimated using
Hamming weight (i.e. the number of ones of the binary bit stream) ofBOOK , which is given as
N∑
j=1
Book(j), where j = 1, . . . . . .N , where N is the number of sub-carriers per OFDM frame.
This implies that the number of bits of the majority bit-value can be expressed as;
Nmaj = max{Nones, Nzeros}, (2.3)
where Nzeros = N −Nones and Nones is the Hamming weight of BOOK . When Nones ≥ N/2
, one is the majority bit value, otherwise zero is the majority. Finally, in the serial-to-parallel
(S/P) module, the bit sub-stream BQAM is multiplexed to modulate the activated subcarriers.
Sometimes, the data in BQAM is not sufficient to modulate all the active sub-carriers, and
hence, the excess sub-carriers are used to determine the majority bit value at the receiver. The
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expression for number of these excess sub-carriers is given as;
Nexc = Nmaj − N
log2M
, (2.4)
where M is the constellation size of the M-ary symbols. These excess subcarriers are then
modulated with the majority bit value. In the scenario where Nones = Nzeros, it is simply
assumed that the majority bit value is 1 and Nexc = 0.
Assuming all active subcarriers are used for data transmission, the spectral efficiency of SIM-
OFDM can be formulated as,
RSIM−OFDM = 1 +
E[Nmaj ]
N
log2M (2.5)
2.3.2 Enhanced Subcarrier Index Modulation (SIM) OFDM
Given that the SIM-OFDM presented above suffers error propagation whenever there is error
in detecting the majority bit value, ESIM has been proposed with a slight modification in
the encoding of the BOOK bits substresam. Instead of each bit to be used to determine the
state of a subcarrier like SIM-OFDM, it is encoded by two subcarriers, where only one of
the sucarriers is active. For example, if BOOK = 0 subcarrier 1 is activated out of the pair
of subcarriers selected. In otherwords, the BOOK encoding can be represented with a bit to
subcarrier mapping as {0→ [10] and {1→ [01]. By doing this mapping, errors in detecting a
wrong BOOk will be localised to affect only the pair of subcarriers in question. Hence, BOOK
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Figure 2.8: Enhanced Subcarrier Index Modulation (ESIM) OFDM Principle
is now reduced to length N/2. To ensure no subcarrier is left as excess, since it is no longer
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needed, the total number of bits (BQAM ) required for modulating the active subcarriers is given
by N/2 log2M . Thus, the spectral efficiency can be formulated as,
RESIM−OFDM =
1
2
+
1
2
log2M (2.6)
2.3.3 General OFDM-IM Structure and Principles
The generally adopted OFDM-IM system is an extended version of the ESIM-OFDM system,
where each subcarrier cluster comprises of n-subcarriers out of whcih k subcarriers are acti-
vated. The total number of subcarriers for IFFT operation is given by N which is grouped into
G cluters. Because each cluster has n subcarrirrs and (n − k) zero powered subcarriers, we
can express the sparsity ratio τ = k/n, and the transmit power of each data symbol which is
modulated onto the active subcarrier is expressed as Es/τ , where Es = E|xg(α)|2. The total
number of subcarrier index combination (symbols) that can be achievd is given by the combi-
nation function
(
n
k
)
, however for efficient mapping, only 2blog2(nk )c combinations are selected
as legitimate active patterns (AP). Let P1 and P2 be the bit streams for index selection and
M-ary modulation for each cluster respectively. From the legitimate combinations we have, we
can deduce that P1 = blog2(nk)c and P2 = k log2M . Thus, the transmitted data-rate in bits
per cluster can be expressed as,
ROFDM−IM =
⌊
log2
(
n
k
)⌋
+ k log2M, (2.7)
with total bits per transmit OFDM-IM block given by (P1 +P2)G bits. The OFDM-IM block
is processed by theN−point IFFT, to convert the frequency symbols in to time domain signals.
Thereafter, a cyclic prefix of length L is appended to the begining of the time domain signals
before transmission. After passing through a fading channel, the input output model of the
received signal after cyclic prefix removal and FFT processing can be described as,
yg = Hgsg +wg, (2.8)
where y = [y(1), ..., y(n)]T denotes the frequency domain OFDM-IM signal block, H =diag
[h(1), ..., h(n)], where h(α) for α ∈ Ig,∀g represent the channel fading coefficients and h(α˜)
for α˜ /∈ Ig are zeros, s denotes the transmitted signal block and w = [w(1), ..., w(n)]T is
an independent additive white Gaussian noise (AWGN) vector, where w(j) ∼ CN(0, σ2), for
j = 1, ..., n and σ2 is the noise variance. Average SNR at the receiver γ¯ = Es/(τσ2). Hence,
the instantaneous SNR of the αth active subcarrier is expressed as,
γα = ¯γ|h(α)|2. (2.9)
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Peak to Average Power Ratio (PAPR)
We know the conventional OFDM system is prone to high PAPR, which results in problems for
the amplifier and quantizer causing spectral regrowth and eventually poor system performance.
The PAPR for any modulation scheme is defined as
PAPR =
Pmax
Pave
, (2.10)
where Pmax is the maximum achievable power at any given time, and Paveg is the average
signal power. Through some mathematical manipulations and the assumption that (
√
M −
1) + j(
√
M − 1) is the M-ary data symbol with thelargest possible power, the PAPR for both
OFDM and OFDM-IM systems can be given as,
PAPROFDM =
3N(
√
M − 1)√
M + 1
. (2.11)
PAPROFDM−IM =
3kG(
√
M − 1)√
M + 1
. (2.12)
It is shown from the formulations above that the PAPR depends on the number of active carriers
and modulation size, which means OFDM-IM system outperforms OFDM in terms of PAPR
since kG < N in all cases between OFDM-IM and OFDM.
2.3.4 Detection Techniques for OFDM-IM Systems.
Since all OFDM-IM sub blocks are independent and have similar distribution, without loss of
generality and for simplicity, we address the detecion process of only one sub block and also
ommit the subscript g.
MAP/ML Detector
The optimum receiver for this system is the one based on maximum aposteriori probability
(MAP). Since each received OFDM-IM sub-block y contains both index and constellation
information, the detector selects the message (mi) with the joint maximum aposteriori proba-
bility given by
m = (Iˆ , xˆ) = arg max
(I,x)
(
p(y|s)p(s)
p(y)
)
= arg max
(I,x)
(
p(y|s)p(I)p(x)
p(y)
), (2.13)
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If the messages have equal joint apriori probability which is mostly the case since input bits
are independent and equally distributed, the receiver becomes equivalent to the maximum like-
lihood (ML) detector given by the minimization function below
{Iˆ, xˆ} = arg min
α∈I,s(α)∈X
||y −Hs||2, (2.14)
Greedy Detector
This is an energy based detection method, where detection is based on the power of the re-
ceived subcarrier [70–72]. Unlike the ML detector which estimamtes both index and data
symbols simolutaneously, greedy detector follows two part detection process where the indices
of the active subcarriers and corresponding data symbols are detected separately. This method
involves finding the received signal power on each subcarrier first, in order to choose subcarri-
ers with k greatest received powers as the estimate of the active subcarriers. A little snag here
is that subcarriers only under favorable channel fading are highly likely to be detected as esti-
mamtes of the active subcarriers. the second stage is the estimation of the data symbols from
the detected subcarriers using ML criteria. Mathematically, the two stage detection processes
of the greedy detector can be described as,
1) Estimation of the indices of the active subcarriers. Let the received vector y be represented
as yt after demodulation t number of times, where t = 1, ..k. The first subcarrier can be
estimamted by,
α˜ = arg max
α
|yt(α)|2. (2.15)
For the second subcarrier estimamtion, if k > 1, increment t. The residaul vector after t is
incremented is given as yt+1 = {yt : yt(α˜) = 0}. Repeat the estimation of Eq.(??) on yt+1
until t = k. To determine the index bits from the estimamted active subcarriers, a look up table
(LUT) is used.
2) Estimation of data symbols. After estimating k number of subcarriers from the first proce-
dure above, perform ML detection on each estimated subcarrier to estimate the data symbols
by,
xˆ(αˆ) = arg min
x∈X
|y(αˆ)− h(αˆ)x(αˆ)|2, (2.16)
Log Likelihood Ratio (LLR) Detector
Unlike the ML detector and very much like the greedy detector, the LLR detector also requires
two stages of detection. LLR decision is used to determine the indices of the active subcar-
riers here unlike the greedy detector. The first stage provides the logarithm of the ratio of
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Grouped
Bits (B)
n=2, k=1, M=4 n = 4, k=1, M = 2.
Subcrrier
Index
M-ary
Symbol
Transmit
Vector
Subcarrier
Index
M-ary
Symbol
Transmit
Vector
000 1 x1 [x1 0] 1 x1 [x1 0 0 0]
001 1 x2 [x2 0] 1 x2 [x2 0 0 0]
010 1 x3 [x3 0] 2 x1 [0 x1 0 0]
011 1 x4 [x4 0] 2 x2 [0 x2 0 0]
100 2 x1 [0 x1] 3 x1 [0 0 x1 0]
101 2 x2 [0 x2] 3 x2 [0 0 x2 0]
110 2 x3 [0 x3] 4 x1 [0 0 0 x1]
111 2 x4 [0 x4] 4 x2 [0 0 0 x2]
Table 2.1: Example of (2,1 QPSK) and (4,1 BPSK) OFDM-SIM
probabilities of subcarriers being active or inactive. The ratio can be given as,
λ(j) = ln
∑M
q=1 Pr[x(j) = xq|y(j)]
Pr[x(j) = 0|y(j)] , (2.17)
where xq ∈ X. Using jacabian algorithm [43], Eq. (2.17) simplifies to
λ(j) = max(a, b) + ln[1 + exp−|a−b|] +
|y(j)|2
N
, (2.18)
where a = |y(j) − h(j)|2/N and b = −|y(j) − h(j)|2/N . Subsequently, the k subcarrier
with largest LLR values are estimated as active. Using LUT like the greedy detector, we can
estimamte the index bits. The M-ary symbols are estimated using the ML criteria in the same
way it is done in the greedy detector.
2.4 Coded OFDM-IM Systems
The goal of every system is to deliver data rates as close to the theoretical bound as possible.
This is however, greatly inhibited by errors caused by channel noise, fading, interference etc.
Spatial modulation which is a counterpart of Index modulation has seen great improvement
in BER performance over fading channels by the use of powerful channel codes such as turbo
code and low density parity checks [32,36,73]. Motivated by this performances of coded spatial
modulation and to find solution to the poor performance of OFDM-IM in frequency selective
fading channels, [74] studied and applied trellis coded modulation to IM systems to increase the
distance between any pair of TCM symbol sequences and showed that mapping rules which use
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Hamming distance criterion result in better performance and increased diversity gain. It was
also suggested in [68] that coded OFDM-IM when used with signal diversity schemes can im-
prove performance of OFDM-IM in frequency selective channels. Two different structures of
Coded OFDM-IM transceiver have been shown in [75] namely the Single-level coded OFDM-
IM (SL-COFDM-IM) and the Two-level coded OFDM-IM (TL-COFDM-IM), in which the
latter can be used to provide unequal protection to the symbols which could lead to improved
performance. Although not too much has been researched yet on the full potential of coded
OFDM-IM, achieving the full benefits of any coding system requires soft decoding where in-
puts to the decoder are in soft values that do not just provide the estimates of the transmitted
data but also the reliability information of the estimates for better decoding decision [76, 77].
The optimum method for demapping the received signals into their corresponding soft output
is to use log-likelihood ratio (LLR) technique.
2.4.1 System Model
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Figure 2.9: Single Level Coded OFDM-IM Transceiver
Fig. 2.9 and Fig. 2.10 are the two possible ways coded OFDM-IM can be implemented. The
single level coded OFDM-IM transceiver encodes th ntire information bits providing same
level of protection to both Index and M-ary symbol bits. Because Index and -ary symbols
have different levels of protection against fading effects the two level scheme is handy to allow
for unequal protection and possibly iterative decoding. The major difference between the coded
OFDM-IM and uncoded OFDM-IM is the encoder and decoder units and to achieve reasonable
coding gains, the decoder requires soft input which contains both magnitude and reliability
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Figure 2.10: Double Level Coded OFDM-IM Transceiver
information of the estimates.
2.4.2 Soft Detection Techniques
Soft detection requires the demapping of the received signals into soft value estimates of the
transmitted signals. This can be accomplished by the use of LLR detectors as follows.
Log-MAP Detector [68, 78]
Log-MAP detector is the optimum soft output detector for OFDM-IM system. It provides the
logarithm of the ratio of the aposteriori probabilities in other words logarithm of likelihood
ratio (LLR) for the coded OFDM-IM bits. Because sub block is the basic unit for OFDM-IM
symbol processing, LLRs are computed based on all subcarriers within the sub block. For each
sub block g from Eq. (2.8), without loss of generality, let I denote the set of all legitimate active
index combination (AIC) and define I(0)j as the subset of the index combination for which bit
j = 0. In like manner, I(1)j is the set of legitimate active index combination for which bit j = 1.
Similarly, let Sk denote the set of all possible realisations of s and define Sk,(0)j and S
k,(1)
j as
the modulated symbol vector subsets in which the jth bit is 0 and 1 respectively. Hence, the
soft detector for the jth index bit bI,j and jth M-ary bit are given by the ratio of aposterior
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probabilities as
LLR(bI,j) = ln

∑
I=I
(1)
j
∑
s∈S
p(y|Hs)
∑
I=I
(0)
j
∑
s∈S
p(y|Hs)
 (2.19)
and in the same manner, M-ary soft bits can be expressed as
LLR(bxi,j) = ln

∑
I
∑
s∈{S:bxi,j=1}
p(y|Hs)∑
I
∑
s∈{S:bxi,j=0}
p(y|Hs)
 (2.20)
where j = 1, 2, ...P1 for index bits and j = 1, ..., P2 for the M-ary data bit
We can see from the optimum Log-MAP/ LLR detector that to compute the LLR values of each
bit, all likelihoods of all possible joint index and modulated symbol realisations are considered.
In computing the log sum of exponentials, numerical overflow or underflow problems arise, and
the readily available method to use, is the jacobian approximation given by log
∑
i exp(φi) =
a + log
∑
i exp(φi − a), where a = max(φi) The complexity grows exponentially with k as
well as P1, and as a result, coded OFDM-IM systems with large subblocks and high number
of active cariiers cannot be practically implemented.
Max-Log-MAP Detector [75, 79]
In order to reduce the complexity of Log-MAP detector, Max-Log-MAP which avoids the use
of exponential operations is often used. Using the following expression given as
ln(
∑
i
exi) ≈ max
i
(xi) if max(xi) >> xj , (2.21)
hence by substitution and some mathematical manipulations the log-MAP Eq. (2.5) and Eq.
(2.6) can be rewritten as
L(bI,j) =
1
N
(− min
i∈I(1),sq∈S
‖y −Hs‖2 + min
i∈I(0),sq∈S
‖y −Hs‖2)
+ log
∑
i∈I(1)
∑
sq∈S
exp
(−‖y −Hs‖2 + mini∈I(1),sq∈S ‖y −Hs‖2)
N
− log
∑
i∈I(0)
∑
sq∈S
exp
(−‖y −Hs‖2 + mini∈I(0),sq∈S ‖y −Hs‖2)
N
, (2.22)
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and
L(bsk,j) =
1
N
(− min
i∈I,sq∈S|(1)
‖y −Hs‖2 + min
i∈I,sq∈S|(0)
‖y −Hs‖2)
+ log
∑
i∈I
∑
sq∈S|(1)
exp
(−‖y −Hs‖2 + mini∈I,sq∈S|(1) ‖y −Hs‖
2)
N
− log
∑
i∈I
∑
sq∈S|(0)
exp
(−‖y −Hs‖2 + mini∈I,sq∈S|(0) ‖y −Hs‖
2)
N
(2.23)
From the equations above, the 3rd and 4th terms are significantly smaller than the other two
terms and can therefore be discarded to give the Max-Log-MAP soft detector as
L(bI,j) =
1
N
(− min
i∈I(1),sq∈S
‖y −Hs‖2 + min
i∈I(0),sq∈S
‖y −Hs‖2) (2.24)
and
L(bsk,j) =
1
N
(− min
i∈I,sq∈S|(1)
‖y −Hs‖2 + min
i∈I,sq∈S|(0)
‖y −Hs‖2) (2.25)
respectively. Although Max-Log-MAP detector has succeeded in eliminating the exponential
operations, the search space for which to determine the minimum distance is still the same.
Low complexity Soft Detector [68]
Because Log-MAP and Max-Log-MAP have high computational complexities when large sub-
block sizes are used and number of active carriers is high, a simplified LLR detector was pro-
posed in [68]. The idea here is to use the Log-MAP algorithm in Eq. (2.19) to compute LLR
vaues for the index symbols and then make a hard decision to determine the most probable
active subcarriers. In place of Log-MAP detector for the M-ary bits detection, we apply the
LLR algorithm on the decided active subcarriers to compute M-ary bits LLR values, which can
be expressed by,
L(bs(α),j) = log
{∑
s(α)∈S(1) exp
(
−‖y(α)−H(α)s(α)‖2
N
)
∑
s(α)∈S(0) exp
(
−‖y(α)−H(α)s(α)‖2
N
)}, (2.26)
where α is the active subcarrier which was decided by hard decision on the index bits. The
both LLRs for the index bits before conversion and M-ary bits are fed into a decoder for better
performance due to decoding gain of soft detectors. This low complexity scheme has only been
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able to reduce the complexity of M-ary bits detection.
Though the Log-MAP and Max-Log-MAP detectors have good BER performance, they have
prohibitive complexity which renders them inapplicable to practical systems. The reduced
complexity LLR method pesented above, is limited to small index combination since complex-
ity at index bits detection is the same as Log-MAP, and it suffers performance degradation. This
leaves a gap for the researchers to propose low complexity soft detectors for coded OFDM-IM
systems with improved performance if not near optimal.
Chapter 3
Generalized Bit Error Rate Evaluation
for Index Modulation Based OFDM
System with ML Detection
This chapter analyzes the BER performance of OFDM-IM system with ML detector over the
AWGN channel. More specifically, it derives the general expression that can be used to eval-
uate the BER performance of any arbitrary OFDM-IM systems configuration based on ML
detection. The chapter first presents the relevant background information regarding the state
of the art in OFDM-IM error expression. Then the system model of the OFDM-IM over the
AWGN channel is given, followed by the expression for the input-output relationship of the
system. Subsequently, the ML detection is presented and a decision region for accurate de-
tection is established as a function of the OFDM-IM transmitted symbol constellation. For the
error evaluation, we analyse the different scanarios through which errors can occur in a (n,1,M)
OFDM-IM system in AWGN channel using the decision regions and provide a mathematical
expression for the system probability of bit errors. Next, we evaluate an (n,k,M) OFDM-IM
system deriving the expression for any arbitrary number of active subcarriers k. Finally, a gen-
eral expression for the BER of OFDM-IM system based on ML detection in AWGN channel is
given. The result of the derived expression is compared with numerical results based on Monte
carlo simulation of the ML detection to establish the accuracy of the generalized expression
over a wide range of SNR. The generalised result is used to evaluate the BER performance
of OFDM-IM system over a Rayleigh fading channel and the result shows a tight agreement
with the numerical results. In this chapter, the main contribution is a generalized novel tight
expression for OFDM-IM system based on ML detection, which has been included in [80].
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3.1 State of the Art
One of the important performance metrics in evaluating the superiority of OFDM-IM system
over classical OFDM system is the BER performance, and as such most researchers such as
[43, 81–86] have analysed the error performance of the OFDM-IM system. Using different
detection schemes and mostly from the PEP perspective, expressions for SER/IER/BER bounds
have been provided in the literature. For example, [81] derived closed form expressions for PEP
and SEP for hybrid detection/diversity reception in OFDM-IM based MIMO systems. [84]
on the other hand provided a tight closed form expression for average SEP under channel
state information (CSI) uncertainty. [82,85] investigated the BER for OFDM-IM systems using
greedy detection, which is a low complexity detection method that detects the active subcarriers
on the basis of their received power. By deriving the BER from pairwise error probability, the
expressions given can only be tight and provide upper bound resultswhich are not exact. Very
few attempts have been made in analyzing and providing the exact BER expression for the
optimum ML detector. For example, [83] provided a BER expression for the joint detection
of OFDM-IM systems but results were far from exact as numerical simulations and theoretical
results exhibit a gap up to 3dB at low SNR which reduces to 1dB as SNR increases. Although
[51, 86] presented some insight into deriving the exact expressions for OFDM-IM BER, they
limit the number of active subcarrier in a cluster to k = 1 and showed that overall BER is the
sum of errors due to each of index and M-ary modulation. As far as OFDM-IM system with
ML detector is concerned, no general expression has been given for the accurate evaluation of
the BER of any arbitrary OFDM-IM system configuration.
3.2 System Model
The OFDM-IM transmitter depicted in Fig. 3.1 is considered where a single or multiple sub-
carrier selection is possible for each OFDM-IM sub-block. More specifically, the total number
of subcarriers is partitioned into blocks of subcarriers, where each sub-block is the basic unit
for bit modulation and denoted by (n,k,M-ary) system, with n being the number of subcarriers
within a sub-block, k the number of active subcarriers out of n and M-ary is the digital modu-
lation constellation size. The T input bits are divided with the aid of the bit splitter of Fig. 3.1
into Index bits (P1) and M-ary bits (P2). In each sub-block P1 = blog2(nk)c bits are used by
the index selector to activate k subcarriers out of n, where
(n
k
)
is a combination function and
b.c is a floor function. Next, P2 = klog2M bits are mapped into k number of symbols from
the classical M-ary constellation to be transmitted over the k active subcarriers already selected
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Figure 3.1: A Typical OFDM-IM Transmitter System
by the index selector. As a result, each sub-block transmits P = P1 + P2 bits. For example
consider the (4,1, QPSK) system shown in Table 3.1, where the first two (2) bits are used by
the index selector as follows: 00→ 1, 01→ 210→ 311→ 4. The last two bits are used by the
M-ary mapper to choose from the QPSK symbols {q1, q2, q3, q4} as shown in the third column
of the table. After the mappings, OFDM-IM system uses the new informations from both the
index selector Ig = {I}k and M-ary mapper xg = {x : q → x}k to create sub blocks sg ∈ S. S
is a set comprising all the possible messages si , which the OFDM-IM modulator maps to. The
sg message which will be conveyed by the gth sub block are then concatenated in the block
creator to form the OFDM-IM frequency domain symbols to be transmitted. The frequncy
symbols are passed through an IDFT block to create an OFDM-IM time domain signal s(t).
Then a parallel to serial converter outputs the time domain OFDM-IM signal for transmission
after a cyclic prefix is appended to it. At the receiver, a reverse process is applied. First, the
cyclic prefix is removed then the received symbol is passed through a serial to parallel which
is forwarded to DFT block for reconstructing the frequency domain symbols. Next, the fre-
quency symbols are fed into a block splitter to divide the OFDM-IM block into sub blocks for
processing. By assuming perfect time and frequency synchronization, the frequency domain
input output relationship of the OFDM-IM system can be expressed as
yg = Hgsg + wg, (3.1)
where yg is the received signal cluster g, Hg is the channel fading matrix whose diagonal
elements (diag[h(1),...,h(n)]) represent the channel frequency response of the sub-carriers. wg
is the AWGN noise vector for the gth sub-block. xg = [xg(1), xg(2), ..., xg(n)] is the vector of
transmitted symbols in which zeros and non-zero elements are present according to the indices
of selected sub-carriers and modulation symbols.
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Table 3.1: 4,1,QPSK OFDM-IM
Encoder
Grouped
Bits[b]
n=4,k=1,M=4.
Subcarrier
Index
M-ary
Symbols
OFDM-IM
s-vector
0000
1
q1 [s1 0 0 0]
0001 q2 [s2 0 0 0]
0011 q3 [s3 0 0 0]
0010 q4 [s4 0 0 0]
0100
2
q1 [0 s1 0 0]
0101 q2 [0 s2 0 0]
0111 q3 [0 s3 0 0]
0110 q4 [0 s4 0 0]
1000
3
q1 [0 0 s1 0]
1001 q2 [0 0 s2 0]
1011 q3 [0 0 s3 0]
1010 q4 [0 0 s4 0]
1100
4
q1 [0 0 0 s1]
1101 q2 [0 0 0 s2]
1111 q3 [0 0 0 s3]
1110 q4 [0 0 0 s4]
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Table 3.2: 4,2,BPSK OFDM-IM
Encoder
Grouped
Bits[b]
n=4,k=2,M=2.
Subcarrier
Index
M-ary
Symbols
x-vector
OFDM-IM
s-vector
0000
1
[x1 x1] [s1 0 s1 0]
0001 [x1 x2] [s1 0 s2 0]
0011 [x2 x1] [s2 0 s1 0]
0010 [x2 x2] [s2 0 s2 0]
0100
2
[x1 x1] [s1 0 0 s1]
0101 [x1 x2] [s1 0 0 s2]
0111 [x2 x1] [s2 0 0 s1]
0110 [x2 x2] [s2 0 0 s2]
1000
3
[x1 x1] [0 s1 s1 0]
1001 [x1 x2] [0 s1 s2 0]
1011 [x2 x1] [0 s2 s1 0]
1010 [x2 x2] [0 s2 s2 0]
1100
4
[x1 x1] [0 s1 0 s1]
1101 [x1 x2] [0 s1 0 s2]
1111 [x2 x1] [0 s2 0 s1]
1110 [x2 x2] [0 s2 0 s2]
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3.3 Optimum Receiver
The optimum receiver for this system is the one based on the Maximum A Posteriori Prob-
ability (MAP). Now given that each received OFDM-IM sub-block (yg) contains both index
information and M-ary symbols, the detector selects the message (mi) with the joint maximum
aposteriori probability given by
m̂g =
(
Îg, x̂g
)
= arg
(I,x)
max(p(si |yg,Hg)), (3.2)
where m̂g is the estimated message mi of the gth sub-block such that mi → si ∈ S. By
employing bayes’ theory [87], Eq. (3.2) can be experessed as
m̂g = arg
(I,x)
max
{
P (yg|si,Hg)P (si)
P (yg)
}
. (3.3)
If the OFDM-IM vectors (si) have equal joint A Priori Probability (AP), which is the case in
the example shown in Table 3.1 and Table 3.2, the receiver becomes equivalent to the (ML)
detector given by the minimization function below
m̂g = argmin
I,x
(
‖yg−Hgsi‖2
)
. (3.4)
3.4 Error Analysis
The aforementioned ML detection process jointly detects both the index bits and the M-ary
constellation bits. As a result, bits errors can occur in the detected message in three different
ways as follows:
• bit errors resulting from erroneous detection of the indices of active subcarriers, while
M-ary bits are correct,
• bit errors resulting from erroneous detection of the M-ary bits even though active carriers
are correctly detected and
• bit errors occuring when both index and M-ary symbols are erroneously detected.
Once these bit errors are evaluated, the expression for the average probability of bit error of
the OFDM-IM sub block can then be derived. This relates to the overall probability of bit
errors of the whole system since each sub block is independent and all have similar Gaussian
distribution.
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3.4.1 Performance Analysis for AWGN Channel
Considering the OFDM-IM received vector given in Eq. (3.1), the fading channel diagonal
marix H is a unity diagonal matrix in the case of AWGN channels which means we can ignore
H in our analysis. Consequently, amplitude of the subcarriers at the receiver will be indepen-
dent and have similar Gaussian distribution with mean E{y(i)} =
{
0 for i = α̂
x for i = α
and
variance Nf/2, where α̂ is the index of inactive subcarrier, α is the index of active subcarrier,
x → q an element of the set of M-ary sysmbols transmitted in the active subcarrier. In order
to derive the general expression for the bit error performance, a single active per sub-block
OFDM-IM system is considered first, then using the same analogy, the analysis is extended to
a multi-active OFDM-IM system for error performance generalization.
(n,1,M)
In this OFDM-IM system configuration, k = 1 is the number of active subcarrier per cluster,
n is the number of subcarriers in each cluster and M is the size of the digital modulation
used to modulate the active subcarrier (e.g M= 4 for QPSK). From the observed vector at
the receiver yg = [y(1), ..., y(n)], the ML detector makes an ML decision on Ig considering
the joint distribution of Ig,xg as shown in Eq.(3.4). Recall that all subcarriers are received
with addition of AWGN and have similar Gaussian distribution. Fig. 3.2 is an illustration of
the distribution of the amplitudes of the subcarriers as a function of transmitted constellation
symbol showing a decision region for the index detection. In the diagram above, × marks on
the four quadrants of the cartessian plane are the constellation points of the digital modulation
of the system, which in this example have four possible values, and y(α) is the highest received
amplitude of the subcarriers within the sub-block. The remaining amplitudes are within the
shaded area which is bounded by the detection decision region as shown. Assuming y(α) is
the received amplitude of the active subcarrier, given that the n − 1 amplitude values of the
inactive subcarriers are located within the shaded region, the probability of correctly detecting
the index bits of the OFDM-IM sub-block can be determined by taking the integral of the vector
yg such that y(α) = x + n(α) and y(α̂i) = n(α̂i) respectively. Let us denote the probability
of correctly detecting the index bits as p(C) which can also be evaluated as the conditional
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Figure 3.2: Contour lines of the distribution of the received subcarriers and a decision region
as a function of transmitted constellation symbol. Lines are not drawn to scale
.
probability that|y(α)| > |y(α̂i)|, ∀α̂i 6= α and expressed as
p(C) = p{y(α) > 0, y(α̂i), ..., y(α̂i−1),
y(α̂i+1), ..., y(α̂n−1),
=
√
y(α)2∫
−
√
y(α)2
√
y(α)2−b2∫
−
√
y(α)2−b2
{ √y(α̂i)2∫
−
√
y(α̂i)2
√
y(α̂i)2−b2i∫
−
√
y(α̂i)2−b2i
...
...
√
y(α̂n−1)2∫
−
√
y(α̂n−1)2
√
y(α̂n−1)2−b2n−1∫
−
√
y(α̂n−1)2−b2n−1
fy(y|s)dan−1dbn−1,...,
, ..., dai+1dbi+1, dai−1dbi−1, ..., daidbi
}
dadb, (3.5)
where ai and bi for i = {1, ..., n − 1} are the real and imaginary components of inactive
received subcarriers. The inner integrals are bounded by negative and positive ai on the real
axis and negative and positive
√
y(α̂i)2 on the imaginary axis to give the complete dimension
of the area bounded by the distribution of the inactive subcarriers. fn is the joint probability
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distribution function (pdf) of the orthogonal set of subcarriers given by
fy(y) =
n∏
i=1
fy(y(α))
=
n∏
i=1
1
(2pi)n/2σ1...σn
exp−(
d2i
N
), (3.6)
where di = |y(α)− x(α)| denotes the distance between the received amplitude and constella-
tion symbol of the active carrier, which reduces to di = |y(α̂i)| for the inactive carriers. The
elements of y are complex variables hence the double integrals in Eq. (3.5). Substituting Eq.
(3.6) in to Eq. (3.5), p(CI) becomes
p(C) =
√
y(α)2∫
−
√
y(α)2
√
y(α)2−b2∫
−
√
y(α)2−b2
{ √y(α̂i)2∫
−
√
y(α̂i)2
√
y(α̂i)2−b2i∫
−
√
y(α̂i)2−b2i
...
...
√
y(α̂n−1)2∫
−
√
y(α̂n−1)2
√
y(α̂n−1)2−b2n−1∫
−
√
y(α̂n−1)2−b2n−1
1
piN
exp
(−y(α̂n−1)2
N
)
daα̂n−1dbα̂n−1
}
...×
{
1
piN
exp(−y(α̂i)
2
N
)daα̂idbα̂i
}
×
{
1
M
M∑
q=1
1
piN
exp(−(y(α)− µq)
2
N
)dadb
}
, (3.7)
where µq is the complex valued M-ary constellation symbol q on the cartesian coordinate. The
multiple integral problem above which is based on cartessian constellation can be converted
to a polar cordinate to simplify computation. The equivalent polar coordinate of the cartessian
coordinate in Fig. 3.2 is given in the Fig. 3.3
With the amplitude of a received subcarrier being represented on a polar coordinate, the prob-
ability is computed by integrating over the entire area of the circle which gives
p =
2pi∫
0
r∫
0
(
1
piN
exp−(r
2
N
)
)
× rdrdθ
=
1
piN
(
− N
2
exp−(r
2
N
)
∣∣∣∣∣
r
0
× θ
∣∣∣∣∣
2pi
0
)
= 1− exp−(r
2
N
). (3.8)
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Figure 3.3: Polar coordinate showing r as the amplitude of the active subcarrier.
Solving the inner integrals of Eq. (3.7) using Eq. (3.8), and then taking the limits of the
amplitudes of the inactive subcarriers {lim y(α̂i) → y(α)},∀α̂i, the p(C) of Eq. (3.7) can be
expressed as
p(C) =
√
y(α)2∫
−
√
y(α)2
√
y(α)2−b2∫
−
√
y(α)2−b2
[
1− exp (− y(α)2
N
)]n−1
×
{
1
M
M∑
q=1
(
1
piN
)
exp
(− |y(α)− µq|2
N
)
dadb
}
. (3.9)
We can see in Eq. (3.9), that there is a binomial expansion problem, which can be solved by
the binomial expansion theorem given by [88] as
(a+ b)n =
n∑
k=0
(n
k
)
an−kbk, (3.10)
and by substituting the binomial expansion expression into Eq. (3.9), we have
p(C) =
∫ ∫ n−1∑
i=0
(
n− 1
i
)(
exp
(− y(α)2
N
)i
×{
1
M
M∑
q=1
(
1
piN
)
exp
(− |y(α)− µq|2
N
)}
dadb, (3.11)
If k = 1 and n = 2, which is the case of a (2,1,M) OFDM-IM system, where only a single
subcarrier is inactive in any carrier pair, the marginal probability of correctly detecting the
index bits is given by (see appendix 3.7)
p(CI) = 1− 1
2M
M∑
q=1
(
exp
(− µ2q
2N
))
. (3.12)
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Table 3.3: Pascal’s Triangle (n=4)
1 1
1 2 1
1 3 3 1
1 4 6 4 1
In the case where k = 1, n = 4 for a (4,1,M) OFDM-IM system, (see appendix 3.7)
p(CI) = 1− 3
2M
M∑
q=1
(
exp−(
µ2q
2N
)
)
+
1
M
M∑
q=1
(
exp−(
2µ2q
3N
)
)
− 1
4M
M∑
q=1
(
exp−(
3µ2q
4N
)
)
. (3.13)
Given the expressions for (2,1,M) and (4,1,M) OFDM-IM systems in Eq. (3.12) and Eq. (3.13)
respectively, it is evident that the marginal probability of correctly detecting the indices of the
subcarriers is a sum of weighted exponentials, which weights are given by the coefficients of
a binomial expansion represented by Pascal’s triangle shown in Table 3.2. The expressions in
Eq. (3.12) and (3.13) can be generalized for any arbitrary number of subcarriers with k = 1
represented by (n,1,M) OFDM-IM systems as
p(CI) = 1− 1
nM
M∑
q=1
{
K−2∑
i=1
K−1∑
j=2
K∑
m=3
(−1)mAn(m)
exp
(
− i(µq)
2
jN
)}
, (3.14)
where An is a subset of K number of coefficients taken from the nth row of the pascal’s trian-
gle shown in Table 3.2, while i, j,m are counters, which relate to K coefficients.
(n,k,M)
For a multi-active carrier OFDM-IM system, where k > 1, and assuming index symbol [Ig]
which corresponds to k number of active subcarriers, the detection is performed by the ML de-
tector on the received vector yg = [y(α), ..., y(n)], the probability of correctly distiguishing be-
tween active and inactive carriers is the probability that y(α1), ..., y(αk) > y(α̂1), ..., y(α̂n−k),
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which can be expressed as:
p(CI) = p
(
y(α1) > 0, y(α̂1), ..., y(α̂n−k)
)
× ...,
p
(
y(αk) > 0, y(α̂1), ..., y(α̂n−k)
)
=
a(α1)∫
−a(α1)
b(α1)∫
−b(α1)
{ a(α̂1)∫
−a(α̂1)
b(α̂1)∫
−b(α̂1)
...
a(α̂n−1)∫
−a(α̂n−1)
b(α̂n−1)∫
−b(α̂n−1)
fy(yg|si)da(α̂n−1)db(α̂n−1)...da(α̂1)db(α̂1)}
da(α1)db(α1)× ...
a(α2)∫
−a(α2)
b(α2)∫
−b(α2)
{ a(α̂1)∫
−a(α̂1)
b(α̂1)∫
−b(α̂1)
...
...
a(α̂n−2)∫
−a(α̂n−2)
b(α̂n−2)∫
−b(α̂n−2)
fy(yg|si)da(α̂n−2)db(α̂n−2)...
da(α̂1)db(α̂1)
}
da(α2)db(α2). (3.15)
Eq. (3.15) gives the probability of correctly distinguishing all k active carriers from n − k in-
active carriers within the sub-block. The first part of the expression represents (n,1,M) system,
which assumes first active subcarrier among all the carriers. The second part computes the
probability of selecting a second active carrier from the remaining n− 1 carriers, and so on for
all the k active carriers. With the same mathematic manipulations used in solving (n,1,M), we
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obtain the expression below
p(CI) = 1−
(
1
nM
M∑
q=1
{
K∑
m=2
K−1∑
j=1
K−2∑
i=0
(−1)mAn(m)
exp
(
− i(µq)
2
jN
)}
+
1
(n− 1)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)jAn−1(m)
exp
(
− i(µq)
2
jN
)}
+ ...+
1
(n− k + 1)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)jAn−1(m)
exp
(
− i(µq)
2
jN
)})
+(
1
nM
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)mAn(m)
exp
(
− i(µq)
2
jN
)}
×
1
(n− 1)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)jAn−1(m)
exp
(
− i(µq)
2
jN
)}
× ...×
1
(n− k + 1)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)jAn−1(m)
exp
(
− i(µq)
2
jN
)})
. (3.16)
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This expression can be generalized as
p(CI) = 1−
k−1∑
β=0
1
(n− β)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)mAn−β(m) exp
(
− i(µq)
2
jN
)}
+
k−1∏
β=0
1
(n− β)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)mAn−β(m) exp
(
− i(µq)
2
jN
)}
. (3.17)
With these generalized expressions for the probability of correctly distinguishing between sub-
carriers in Eq. (3.14) and Eq. (3.17) for (n,1,M) and (n,k,M) OFDM-IM systems respectively,
the probability of index detection error P (eI) can be deduced as
p(eI) = 1− p(CI) (3.18)
Given the probability of index error p(eI) in Eq. (3.18), we can express the index BER Pb(eI)
for a single active subcarrier in the same manner as the BER of M-ary orthogonal signaling
system [89] as,
pb (eI) =
L/2
L− 1p(eI), (3.19)
where L = 2blog2 (nk)c. For a more accurate pb(eI), we introduce k in Eq. (3.19) to give
expression for the pb(eI) for a system with k active subcarriers, and Eq. (3.19) becomes
pb (eI) =
L/2
(L− 1)kp(eI). (3.20)
Now that we have established the probability of bit error in distinguishing between the active
and inactive carriers, the average probability of index bit error in any given OFDM-IM sub
block is given as
p¯b = pb(eI)× p(I), (3.21)
where P (I) is the apriori probability of Index bits given as
p(I) =
⌊
log2
(n
k
)⌋⌊
log2
(n
k
)⌋
+ klog2M
. (3.22)
Having derived the bits error in the index part of the OFDM-IM symbol, we are left with
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the error that can occur in the M-ary symbol/symbols conveyed within the active subcar-
rier/subcarriers either due to error in the index detection or due to the intrinsic error of the
particular choice of M-ary modulation. Let us denote this conditional M-ary symbol error as
p(eM ). Although the probability of bits error in detecting M-ary digital modulated signal is
well established in the literature [90] and given below for QPSK and 16-QAM, we need to take
into account the errors due to index bits to determine the overall M-ary errors since they are
caused by the same channel. Below are bits error expressions for QPSK and 16-QAM.
pb(eQpsk) = Q
{√
2Eb
N0
}
pb(e16−QAM ) =
1
4
Q
{√
36Eb
5N0
+
3
4
Q
{√
12Eb
15N0
}
. (3.23)
Lets denote the conditional probabilities of M-ary error as p(eM1) and p(eM2) being M-ary
bits error when Index error occurs and when index error does not occur respectively. When
index error occurs, p(eM1) will be given as the product of both errors occuring in the index bits
as well as the M-ary bits. But because the errors are caused by the same channel, we assume
that given that error occurs in index bits, the probability of bit error in M-ary symbol will be
given as 12 , which means the bit is either correctly detected or wrongly detected. Therefore, the
average conditional probability ¯p(eM1) is given as
¯p(eM1) = P¯b × 1
2
. (3.24)
When index bits are correctly detected, p(eM2), which is also a conditional probability of M-
ary bits error, can be computed as a product of the probability of correctly detecting the index
bits and the probability of bits error of the M-ary symbols.
p(eM2) = (1− p(eI))× pb(eM−ary). (3.25)
The average conditional probability ¯p(eM2) can be expressed as
p¯(eM2) = p(eM2)× p(M), (3.26)
where p(M) is the a priori probability of M-ary bits given as
p(M) =
klog2M⌊
log2
(n
k
)⌋
+ klog2M
. (3.27)
Now that we have established the component errors likely to occur in any of the OFDM-IM sub
block, the average bit error probability of the OFDM-IM system in AWGN can be expressed
as the sum of all average bit errors, which is given as
pb(eAWGN )= p¯b + p¯(eM2) + p¯(eM2). (3.28)
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By substituting Eqs. (3.19), (3.21), (3.24), (3.25) and (3.26) into Eq. (3.27), the generalized
expression for the BER of OFDM-IM system in AWGN channel is given as
pb(eAWGN ) = p(eI)
[3η
2
p(I)− p(eM−ary)p(M)
]
+p(eM−ary)p(M), (3.29)
where η = L/2(L−1)k . By substituting Eqs. (3.17) and (3.18) into Eq. (3.29), the generalized
expression can be written as weighted sum of exponentials and Q-functions presented in Eq.
(3.30), where µ = 12 for k = 1 and µ = 1 for k > 1,
pb = µ
k−1∑
β=0
1
(n− β)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)mAn−β(m) exp
(
− i(µq)
2
jN
)}
+
k−1∏
β=0
1
(n− β)M
M∑
q=1
{
K∑
m=3
K−1∑
j=2
K−2∑
i=1
(−1)mAn−β(m) exp
(
− i(µq)
2
jN
)}
,×
(
3η
2
p(I)− p(eM−ary)p(M)
})
+ p(eM−ary)p(M)
}
.
(3.30)
From the generalized BER expression in Eq. (3.30), we can write out the closed form tight
BER expression for any arbitrary OFDM-IM system configuration. For example, for (n,k,M-
ary)=(2,1,16-QAM) system, the closed form tight BER expression is obtained as
pAWGN (E) =
(
1
8
e−(
1.8γ
2
)+
1
4
e−(
γ
2
)+
1
8
e−(
0.2γ
2
)
)
(
3
10
−
(
1
5
Q
(√
9γ
5
)
+
3
5
Q
(√
3γ
15
)))
+
(
1
5
Q
(√
9γ
5
)
+
3
5
Q
(√
3γ
15
))
. (3.31)
The closed form tight BER expression for (n,k,M-ary)=(4,2,4-QAM) system is also obtained
as follows:
pAWGN (E)=
(
5
2
e−
(γ)
2 +
4
3
e−(
2γ
3
) +
3
2
e−(γ) +
3
2
e−(
7γ
6
)
1
3
e−
(4γ)
3 +
1
4
e−(
3γ
4
) +
1
4
e−(
5γ
4
) +
1
12
e−(
17γ
12
)(
1
3
− 2
3
Q
(√
γ
)))
+
(
2
3
Q
(√
γ
))
. (3.32)
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Although we have considered (2,1,16QAM) and (4,2,QPSK) as examples. The closed form
tight expression can be obtained for combination of (n,1,M-ary) and (n,k,M-ary) systems from
the generalized BER expression in Eq. (3.30).
3.4.2 Performance Analysis for Fading Channel
The main difference between fading channels and AWGN is in the channel gains. While the
AWGN has constant gain of
√
N
2 , the fading channel has a variable gain, which is random and
characterized by a probability distribution function (PDF). Consequently, the average BER can
be calculated by averaging the BER of instantaneous SNR over the distribution of SNR as:
pb = pAWGN (E|γ)pγ(γ)δγ
=
∞∫
0
pAWGN (E|γ)fγ(γ)δγ, (3.33)
where γ is the instantaneous SNR given by γ = |h|
2Es
N and h is the fading coefficient which is
a random variable with a probability distribution function. Assuming that the envelop follows
a Rayleigh distribution, the instantaneous power of the Rayleigh fading channel |h|2 has a
chi-square distribution with two degrees of freedom and can be expressed as
fγ(γ) =
1
γ¯
exp(−γ
γ¯
), γ¯ ≥ 0, (3.34)
where γ¯ = E{h2}EsN0 is the average SNR of the system. The closed form tight BER expressions
for Rayleigh fading channel can be derived using Eq. (3.30). For example, consider a (n,1,M)
system having n = 2, k = 1 andM = QPSK, then the exact BER expression can be obtained
as follows:
By evaluating the probability of bit error for (2,1,QPSK) in the AWGN channel using Eq.
(3.30),
pAWGN (E|γ) = 1
3
exp−
γ
2 +
2
3
Q(
√
γ)− 1
3
Q(
√
γ)exp−
γ
2 .
(3.35)
Substituting Eq. (3.35) and Eq. (3.34) into Eq. (3.33),
pb =
∞∫
0
(
1
3
exp−
γ
2 +
2
3
Q(
√
γ)− 1
3
Q(
√
γ)exp−
γ
2
)
×
(
1
γ¯
exp(−γ
γ¯
)
)
dγ. (3.36)
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Q-function can be expressed in terms of complemntary error function (erfc) which is given as
Q(x) =
1
2
erfc(
x√
2
), (3.37)
By substitution,
pb =
∞∫
0
1
3γ
exp
− γ(γ+2)
2γ dγ
︸ ︷︷ ︸
a
+
∞∫
0
1
3γ
erfc(
√
γ
2
)exp
− γ
γ dγ
︸ ︷︷ ︸
b
−
∞∫
0
1
6γ
erfc(
√
γ
2
)exp
− γ(γ+2)
2γ dγ
︸ ︷︷ ︸
c
, (3.38)
and integrating a, b and c, we have the following results
a =
2
3(γ¯ + 2)
b =
1
3
(
1−
√
γ¯
γ¯ + 2
)
c =
1
6(γ¯ + 2)
(
2−
√
2γ¯
γ¯ + 1
)
, (3.39)
Substituting Eq. (3.39) into Eq. (3.35) yields
pb =
2
3(γ¯ + 2)
+
1
3
(
1−
√
γ¯
γ¯ + 2
)
− 1
6(γ¯ + 2)
(
2−
√
2γ¯
γ¯ + 1
)
, (3.40)
3.5 Results Validation
In this section, we validate our analytical expressions by comparing the BER results with nu-
merical results of the ML detector. For the numerical simulations, we use OFDM-IM system
with FFT size N = 64 and a CP length L = 12. The OFDM-IM system divides the total
N subcarriers into G clusters of n subcarriers each, where n ∈ {2, 4}, k ∈ {1, 2, 3} and
M ∈ {4, 16} . Each cluster of n subcarriers is received and detected independently using the
ML criteria in the AWGN channel. For fading channel, we use the WI-FI channel model for
the simulation of Rayleigh fading channel with 11 taps and a sufficient Monte-Carlo runs have
been carried out to generate reliable error statistics. Fig. 3.4 shows the BERs of both numerical
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Figure 3.4: Comparison between numerical and analytical BER results of OFDM-IM systems
for n = {2,4}, k ={1} and M = {4QAM,16QAM} in the AWGN channel with ML detector
simulation and analytical expressions for (2,1,16QAM), (4,1,4QAM) and (4,1,16QAM) sys-
tems in the AWGN channel. As seen in this figure, the results are accurate for a wide range
of SNR, including the low SNR regions. Note that most of the OFDM-IM BER expressions in
the literature depend on pair wise error analysis, which usually result in tight performance at
high SNR region, our expressions model the closely tight BER performance across the whole
SNR region. Fig 3.5 shows results for OFDM-IM systems with multi active subcarriers per
sub-block. The results of our BER expressions also match very closely with the numerical
simulations for up to a BER of 10−6. With this closely matching results, it is evident that when
the decision boundaries over whcih errors can take place are properly established in deriving
BER expressions, number of n or k will have a negligible effect on the accuracy of the expres-
sion. We also noticed that even though both index and M-ary errors contribute to the overall
error of the system, index error affects the system more at low SNR where it is more prone to
occur than at the high SNR region. Even though the scope of our work is limited to AWGN
channels, we show that our expression can be used to derive the expression for the performance
of a fading channel. Fig. 3.6 depicts the BER performances (numerical and analytical) of a
(2,1, QPSK) system in a Rayleigh fading channel with the ML detector. It can be seen to also
closely match, which to a high degree of accuracy validates our generalized BER expression
for OFDM-IM system with the ML detector in AWGN channel.
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Figure 3.5: Comparison between numerical and analytical BER results of OFDM-IM systems
for n = {2,4}, k ={2,3} and M = {4QAM,16QAM} in the AWGN channel with ML detector
We evaluated the BER performance over fading channels by averaging the fading distribution
across the entire length of the signals. An example of BER expression for (2,1,QPSK) for
rayleigh fading channel is given in (3.48) and a validation using simulations is shown in the
Fig. 3.5. BER expression for (2,1,QPSK) in fading channel also shows close agreement with
the numerical result.
3.6 Conclusion
Using the decision region method, we derived an expression for the evaluation of BER of
OFDM-IM system with ML detector in AWGN channel. Our general expression is a weighted
sum and products of exponential functions, which gives a very tight performance, when com-
pared to numerical simulations. By applying our expression to Rayleigh fading channel, closed
form and tight expression for OFDM-IM systems in fading channels can be derived as well for
the ML detector. Results for all the scenarios we tested are highly accurate across a wide range
of SNR including the low SNR regions and up to a BER of 10−6.
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Figure 3.6: Comparison between numerical and analytical BER results of OFDM-IM systems
for n = {2}, k ={1} and M = {QPSK} in Rayleigh fading channel with ML detector
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3.7 Appendix
Derivation of (12) and (13)
p(CI)=
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−∞
∞∫
−∞
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1
0
)(
− exp−x
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N
)0
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1
1
)(
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α
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)1]
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1
piN
)
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N
)
}
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α
N
]
×
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M
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1
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)
×
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N
)
}
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=
1
M
M∑
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1
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) ∞∫
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∞∫
−∞
[
1−exp−x
2
α+y
2
α
N
]
×
{
exp(−(xα− xq)
2+(yα− yq)2)
N
)
}
dxαdyα
=
1
M
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q=1
(
1
piN
)
×
[ ∞∫
−∞
∞∫
−∞
(
exp(−(xα− xq)
2+(yα− yq)2
N
)
)
dxαdyα
︸ ︷︷ ︸
a
]
−
[ ∞∫
−∞
∞∫
−∞
(
exp(−(xα−xq)
2+(yα−yq)2
N
−x
2
α+y
2
α
N
)
)
dxαdyα
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b
]
,
(3.41)
Since x and y are independent variables we can integrate them seperately in both a and b.
ax =
∞∫
−∞
exp
(
− ((xα − xq)
2
N
)
)
dxα, (3.42)
According to [91], special integral Gauss error function is given by
erf(x) =
∫
2√
pi
exp(−(x2))dx, (3.43)
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By susbtitution, Eq. (3.42) becomes
ax =
√
piN
2
(
x− xq√
N
). (3.44)
When we integrate ay in the same manner as ax and evaluating them together,
a =
√
pi
√
N
2
erf(
x− xq√
N
)×
√
pi
√
N
2
erf(
y − yq√
N
)
=
piN
4
erf(
x− xq√
N
)
∣∣∣∣∣
∞
−∞
erf(
y − yq√
N
)
∣∣∣∣∣
∞
−∞
= piN, (3.45)
bx =
∞∫
−∞
exp
(
− ((xα − xq)
2
N
− x
2
α
N
)
)
dxα
=
∞∫
−∞
exp
(
− (2x
2
α − xαxq + x2q)
N
)
dxα, (3.46)
Upon completing the squares for quadratic polynomial inside the exponential function, Eq.
(3.46) becomes
bx=
∞∫
−∞
exp
(
−
[(√
2xα√
N
− xq√
2N
)2
+
(
x2q
2N
)])
dxα, (3.47)
Substituting with equivalent special Gauss error function, Eq. (3.47) is equivalent to
bx =
√
pi
√
N
2
√
2
exp−(
x2q
2N
) erf(
2xα − xq√
2N
), (3.48)
Solving by in same manner and evaluating the overall b, we have
b =
piN
2
exp
(− x2q
2N
)(2xα − xq√
2N
)∣∣∣∣∣
∞
−∞
erf
(2yα − yq√
2N
)∣∣∣∣∣
∞
−∞
=
√
piN
2
exp
(− µ2q
2N
)
, (3.49)
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By substituting a and b into Eq. (3.41), p(CI) for a (2,1,M) OFDM-IM system is given as
p(CI) =
1
MpiN
M∑
q=1
(
a+ b
)
=
1
MpiN
M∑
q=1
(
piN − piN
2
exp−(
µ2q
2N
)
)
= 1− 1
2M
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q=1
(
exp−(
µ2q
2N
)
)
, (3.50)
To derive Eq. (3.13) which is for the (4,1,M) OFDM-IM system, the marginal probability of
correctly detecting the index symbol is given as
P (CI)=
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−∞
[(
3
0
)(
− exp−x
2
α+y
2
α
N
)0
+
(
3
1
)(
− exp−x
2
α+y
2
α
N
)1
+
(
3
2
)(
− exp−x
2
α+y
2
α
N
)2
+
(
3
3
)(
− exp−x
2
α+y
2
α
N
)3]
×
{
1
M
M∑
q=1
(
1
piN
)
exp(−(xα− xq)
2+(yα− yq)2)
N
)
}
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dxαdyα, (3.51)
Segmenting Eq. (3.51) like we did in Eq. (3.41) into
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When we apply integration in the same way as Eq. (3.45) and Eq. (3.49) to Eq. (3.52), a, b, c
and d can be expressed in a closed and compact form as
a = piN
b =
3
2
piN exp−(
µq
2N
)
c = piN exp−(
2µq
3N
)
d =
1
4
piN exp−(
3µq
4N
), (3.53)
In the same way as Eq. (3.50), the marginal probability of correctly distinguishing between the
carriers is given by
p(CI)=
1
MpiN
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q=1
(
a+ b+ c+ d
)
=
1
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)
)
− 1
4M
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q=1
(
exp−(
3µ2q
4N
)
)
, (3.54)
Chapter 4
Coded Index Modulated OFDM with
Low Complexity Soft Detector
In this chapter, two low complexity soft bits detectors are proposed for Coded OFDM-IM
(COFDM-IM) systems in order to provide a practicable alternative to the optimum soft bit de-
tector, which is based on the Log Likelihood Ratio (LLR)-MAP algorithm. The chapter first
presents the optimum detector and its complexity analysis to justify the need for low complex-
ity detectors. Subsequently, a novel low complexity soft bits detection based on ’Dominant
Subcarriers’ is presented and called Dominant Carrier Soft Bit Detection (DCSBD). Its com-
putational complexity is also provided to compare with the performance of LLR-MAP. Finally,
a second novel low complexity soft bit detection is proposed which is based on equalized sym-
bols with LLR approximation. It is called Equalizer Based Soft Bit Detector with Pairwise LLR
Approximation (EBSBD-PLA). Just like the first proposed detector, the complexity analysis is
presented and BER performances are provided as well as time complexity plots of all the de-
tection methods. The main contributions in this chapter are the two novel low complexity soft
bit detectors proposed for COFDM-IM system, with their BER performance and complexity
analysis.
4.1 State of the Art
While the optimum soft detector is based on LLR-MAP algorithm, it has a complexity similar
to ML detection, which grows exponentially with increasing constellation size. Consequently,
low complexity soft detectors have been developed to make coded systems practically achiev-
able. An example of this is the proposed suboptimal soft detector [68,92] similar to the idea of
56
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greedy detector [70], whereby the index bits LLRs are computed and a hard decision is made
to detect the corresponding active carriers, before M-ary bits LLRs are computed on the active
subcarriers. The reduction in complexity in this scheme is only in the estimation of M-ary
bits, because index bits detection still have to consider all possible realisations to compute its
LLR values. In another attempt to solve the LLR-MAP complexity problem, the exponential
operations of MAP algorithm can be eliminated completely by applying maximum-Log-LLR
(Max-Log-LLR) [79] algorithm to OFDM-IM system. This results in computing only the min-
imum distance metrics for a search space similar to the ML detection but at the cost of error
performance. Furthermore, a sphere-decoding based, low complexity soft bits detection for
COFDM-IM has been proposed, and it has been shown that with increasing SNR, the search
space reduces, thereby reducing the computaional complexity and achieving a superior error
performance over the Max-Log-LLR [93]. Despite thethe low complexity detectors already
proposed, we can see from the results in [93] that the order of complexity still grows exponen-
tially with increasing number of active subcarriers.
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Figure 4.1: Block Diagram of Single-Level Coded OFDM-IM Transceiver Over a Fading
Channel.
4.2 System Model
Fig. (4.1) shows the structure and components of a single-level-coded OFDM-IM (SL-COFDM-
IM) transceiver system considered in this chapter. Blocks and notations are all the same as
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chapter (3) with the exeption of the additional channel encoder. The channel encoder is char-
acterised by a code rateRc, which is the ratio of number of information bits to the total number
of coded bits (info-bits + redundant-bits) in the system. Unlike uncoded systems, part of the
transmit energy in the coded system is used in transmitting redundant bits, and therefore the
M-ary symbol energy in any active subcarrier is given as
E |si|2 = Es/τ ∗Rc, (4.1)
where Es is the average power per M-ary symbol and and τ = k/n is the sparsity ratio i.e ratio
of number of active carriers to total number of carries in each cluster. Transmit data rate can
be evaluated just like chapter (3), as the total number of information bits per subcarrier, which
is given as
R = (P1 + P2)/n ∗Rc,
=
(blog2(nk)c+ klog2M)×Rc
n
. (4.2)
At the receiver after CP removal, DFT processing to convert the time domain signal to fre-
quency domain signal, frequency and time synchronisation, the input output equation for the
gth received sub block can be expressed just like chapter (3) as
yg = Hgsg +wg. (4.3)
We define the average SNR per active sub-carrier as ρ = Es ∗Rc/(N0F ). Hence the instanta-
neous SNR of the αth active sub-carrier is given as
ρα = ρ|h(α)|2. (4.4)
Finally, the receiver computes the soft bits values of the active sub-carriers and the correspond-
ing M-ary symbols by processing the received variable yg. The soft bits are then sent to a
viterbi decoder for final decisions of converting soft bits into hard bits.
4.3 Optimal Soft-Bit Detector (LLR-MAP)
The optimal bit LLR detector for the OFDM-IM system was motivated by the optimal MAP-
LLR algorithm of spatial modulation systems [79, 94], which is based on ratio of logarithm of
a posteriori probabilities of the individual bits that make up the transmitted symbols. Without
loss of generality, we define bI,j and bx,j as the jth bit of the index and transmitted data
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symbols respectively. We also define I(1)j and I
(0)
j as the subsets of overall index set I for
which jth bit is 1 and 0 respectively. Similarly we define x(1)i,j and x
(0)
i,j as transmitted symbol
for which jth bit of the data symbol is 1 and 0 respectively. Now given a received vector for
COFDM-IM cluster in Eq. (4.3), the LLR of jth index bit ( bI,j) is given by the ratio of a
posteriori probability according to [94] as,
LLR(bI,j) = ln
{
p(bI,j = 1|yg)
p(bI,j = 0|yg)
}
. (4.5)
Using bayes’ theorem [87], where p(A|B) = p(B|A)p(A)p(B) for dependent variables, we can write
the equation in terms of the conditional probability p(yg|bI,j) as
LLR(bI,j) = ln
{
p(yg|bI,j = 1)p(bI,j = 1)
p(yg|bI,j = 0)p(bI,j = 0)
}
. (4.6)
Since input bits are identical and independently distributed, we assume they have equal a priory
probability and therefore, equation can be expressed as
LLR(bI,j) = ln
{
p(yg|bI,j = 1)
p(yg|bI,j = 0)
}
(4.7)
Given that yg is a vector of orthogonal subcarriers, the conditional probability p(yg|bI,j) is
computed as the joint probability of yg conditioned on bI,j , which can be expressed as
p(yg|bI,j) =
∑
I∈Ij
∑
s∈S
p(yg|Hs) (4.8)
Substituting Eq. (4.8) into Eq. (4.7), the optimum LLR of the jth index bit can be expressed as
LLR(bI,j) = ln

∑
I=I
(1)
j
∑
s∈S
p(y|Hs)
∑
I=I
(0)
j
∑
s∈S
p(y|Hs)
 (4.9)
and in the same manner, M-ary soft bits can be expressed as
LLR(bxi,j) = ln

∑
I
∑
s∈{S:bxi,j=1}
p(y|Hs)∑
I
∑
s∈{S:bxi,j=0}
p(y|Hs)
 (4.10)
4.3. Optimal Soft-Bit Detector (LLR-MAP) 60
where j = 1, 2, ...P1 for index bits and j = 1, ..., P2 for the M-ary data bits. From Eq. (4.5)
and Eq. (4.6) we can express the likelihood function
p(y|Hs) = 1
pinσ
exp(−‖y −Hs‖
2
σ
), (4.11)
where σ is the noise variance of the received subvector.
4.3.1 Computational complexity of LLR-MAP Algorithm
To estimate the computational complexity of an algorithm, we define it as the total number of
complex multiplications/divisions required in the detecton process. This can also be expressed
in terms of the number of floating point operations (FLOPs) required to execute the detection
algorithm. In the LLR-MAP algorithm presented in Eqs. (4.9) and (4.10, and considering Eq.
(4.11) we can see that it comprises of both complex multiplications to compute the euclidean
distances ‖y −Hs‖, as well as exponential operations to compute the likelihoods. For each bit
LLR to be estimated, we need to compute the accumulated metrics of all the OFDM-IM system
realisation which is given as CMk, where C = 2blog2(nk)c, M is the M-ary size and k is the
number of active subcarriers and n is the number of subcarriers in each OFDM-IM cluster.
Since computing each euclidean distance requires 2 complex multiplications, each realisation
will require 2k complex multiplications and therefore each soft bit computation will require
2kCMk complex multiplication. In terms of the number FLOPs, each complex multiplication
requires 6 FLOPs of which the total computational complexity can be given as
CLog−MAPcm ≈ 2kCMk, (4.12)
CLog−MAPFLOP ≈ 12kCM
k, (4.13)
where CLog−MAPcm and CLog−MAPFLOP are the complexity in complex multiplication and number
of FLOPs respectively. Note that this complexity is to compute a single bit of the OFDM-IM
symbols. So for the entire OFDM-IM sub block, we can express the complexity by multiplying
by P , which is the total numer of bits in each OFDM-IM sub block.
Table 4.1: (4,2,QPSK) OFDM-IM LOOK UP TABLE (LUT)
Index bits Index Selection M-ary bits M-ary symbols OFDM-IM symbol
00 1 3 00 00 x1 x1 s1 = [x1 0 x1 0]
00 1 3 00 01 x1 x2 s2 = [x1 0 x2 0]
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00 1 3 00 11 x1 x3 s3 = [x1 0 x3 0]
00 1 3 00 10 x1 x4 s4 = [x1 0 x4 0]
00 1 3 01 00 x2 x1 s5 = [x2 0 x1 0]
00 1 3 01 01 x2 x2 s6 = [x2 0 x2 0]
00 1 3 01 11 x2 x3 s7 = [x2 0 x3 0]
00 1 3 01 10 x2 x4 s8 = [x2 0 x4 0]
00 1 3 11 00 x3 x1 s9 = [x3 0 x1 0]
00 1 3 11 01 x3 x2 s10 = [x3 0 x2 0]
00 1 3 11 11 x3 x3 s11 = [x3 0 x3 0]
00 1 3 11 10 x3 x4 s12 = [x3 0 x4 0]
00 1 3 10 00 x4 x1 s13 = [x4 0 x1 0]
00 1 3 10 01 x4 x2 s14 = [x4 0 x2 0]
00 1 3 10 11 x4 x3 s15 = [x4 0 x3 0]
00 1 3 10 10 x4 x4 s16 = [x4 0 x4 0]
01 1 4 00 00 x1 x1 s17= [x1 0 0 x1]
01 1 4 00 01 x1 x2 s18= [x1 0 0 x2]
01 1 4 00 11 x1 x3 s19= [x1 0 0 x3]
01 1 4 00 10 x1 x4 s20= [x1 0 0 x4]
01 1 4 01 00 x2 x1 s21= [x2 0 0 x1]
01 1 4 01 01 x2 x2 s22= [x2 0 0 x2]
01 1 4 01 11 x2 x3 s23= [x2 0 0 x3]
01 1 4 01 10 x2 x4 s24= [x2 0 0 x4]
01 1 4 11 00 x3 x1 s25= [x3 0 0 x1]
01 1 4 11 01 x3 x2 s26 = [x3 0 0 x2]
01 1 4 11 11 x3 x3 s27 = [x3 0 0 x3]
01 1 4 11 10 x3 x4 s28 = [x3 0 0 x4]
01 1 4 10 00 x4 x1 s29 = [x4 0 0 x1]
01 1 4 10 01 x4 x2 s30 = [x4 0 0 x2]
01 1 4 10 11 x4 x3 s31 = [x4 0 0 x3]
01 1 4 10 10 x4 x4 s32 = [x4 0 0 x4]
10 2 3 00 00 x1 x1 s33 = [x1 0 x1 0]
10 2 3 00 01 x1 x2 s34 = [x1 0 x2 0]
10 2 3 00 11 x1 x3 s35 = [x1 0 x3 0]
10 2 3 00 10 x1 x4 s36 = [x1 0 x4 0]
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10 2 3 01 00 x2 x1 s37 = [x2 0 x1 0]
10 2 3 01 01 x2 x2 s38 = [x2 0 x2 0]
10 2 3 01 11 x2 x3 s39 = [x2 0 x3 0]
10 2 3 01 10 x2 x4 s40 = [x2 0 x4 0]
10 2 3 11 00 x3 x1 s41 = [x3 0 x1 0]
10 2 3 11 01 x3 x2 s42 = [x3 0 x2 0]
10 2 3 11 11 x3 x3 s43 = [x3 0 x3 0]
10 2 3 11 10 x3 x4 s44 = [x3 0 x4 0]
10 2 3 10 00 x4 x1 s45 = [x4 0 x1 0]
10 2 3 10 01 x4 x2 s46 = [x4 0 x2 0]
10 2 3 10 11 x4 x3 s47 = [x4 0 x3 0]
10 2 3 10 10 x4 x4 s48 = [x4 0 x4 0]
11 2 4 00 00 x1 x1 s49= [0 x1 0 x1]
11 2 4 00 01 x1 x2 s50= [0 x1 0 x2]
11 2 4 00 11 x1 x3 s51= [0 x1 0 x3]
11 2 4 00 10 x1 x4 s52= [0 x1 0 x4]
11 2 4 01 00 x2 x1 s53= [0 x2 0 x1]
11 2 4 01 01 x2 x2 s54= [0 x2 0 x2]
11 2 4 01 11 x2 x3 s55= [0 x2 0 x3]
11 2 4 01 10 x2 x4 s56= [0 x2 0 x4]
11 2 4 11 00 x3 x1 s57= [0 x3 0 x1]
11 2 4 11 01 x3 x2 s58 = [0 x3 0 x2]
11 2 4 11 11 x3 x3 s59 = [0 x3 0 x3]
11 2 4 11 10 x3 x4 s60 = [0 x3 0 x4]
11 2 4 10 00 x4 x1 s61 = [0 x4 0 x1]
11 2 4 10 01 x4 x2 s62 = [0 x4 0 x2]
11 2 4 10 11 x4 x3 s63 = [0 x4 0 x3]
11 2 4 10 10 x4 x4 s64 = [0 x4 0 x4]
4.4 Proposed Dominant Carrier Soft Bits Detection
In this section, we propose a novel soft-bit output detector, which has a significantly reduced
computational complexity resulting from a reduced search space for bits detection. According
to Eqs. (4.9) and (4.10), given that k > 1, soft bits LLR computation using the LLR-MAP
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method is expressed in terms of joint probability distribution of the received amplitudes of
active subcarriers. But our findings have shown that each jth bit of the OFDM-IM symbol is
associated with a particular kth active subcarrier. Therefore, soft bits LLRs can be expressed
in terms of marginal probabilities of the subcarriers associated with each bit. This associated
subcarriers are the ones referred to as dominant carriers. By these method complexity can
be reduced significantly since the search space would greatly be reduced. To illustrate this
concept of LLR computation based on dominant subcarriers, we consider a very simplistic
scenario of a (4,2-QPSK) COFDM-IM system represented in the LUT in Table 4.1. From the
activation patterns, each jth bit which comprises of a pair of {0,1} is evaluated independently
and associated with independent active subcarriers. Below is the Index bits to joint subcarrier
mapping from Table (4.1), and each jth bit to kth dominant subcarrier mapping.
Index Bits Subcarrier
Activation
0 0 [1 3]
0 1 [1 4]
1 0 [2 3]
1 1 [2 4]
Index Bit Dominant
(j=1) Subcarrier
0 1
0 1
1 2
1 2
Index Bit Dominant
(j=2) Subcarrier
0 3
0 3
1 4
1 4
Let bI(1),j and bI(0),j be the j
th index bit for which b = 1 and b = 0 respectively. The bit to
dominant subcarriers association and their probabilities extracted from the tables above can be
written as
bI(0),1 ⇒
{
1, 12 bI(1),1 ⇒
{
2, 12
bI(0),2 ⇒
{
3, 12 bI(1),2 ⇒
{
4, 12
Based on this evaluated dominant subcarriers for each jth bit, the LLR of the jth index bit can
then be expressed using marginal probability as
LLR(bI,j) = ln
 p(bI,j = 1|yg, p(I
(1)
d,j )
p(bI,j = 0|yg, p(I(0)d,j ))
 . (4.14)
In the same manner which Eq. (4.9) was derived from Eq. (4.7), Eq.(??) can be expressed as
LLR(bI,j) = ln

∑
I=I
(1)
d,j
∑
x∈X
p(y|Hx)p(I(1)d,j )
∑
I=I
(0)
d,j
∑
x∈X
p(y|Hx)p(I(0)d,j )
 , (4.15)
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where I(1)d,j and I
(0)
d,j are the dominant subcarries for the j
th index bit. p(I(1)d,j ) is the probability
of activation of the dominant carrier which in this case can be ignored since p(I(1)d,j ) = p(I
(0)
d,j )
= 12 .
For the M-ary bits, LLR values are also computed using marginal probabilities of the sub-
carriers being associated with each kth symbol, since the bits and their corresponding M-ary
symbols are associated to the same dominant subcarriers. Let bx1k,j and bx0k,j be the j
th bit of
xk symbol for which jth bit is equal to 1 and 0 respectively. From the bit to subcarrier asso-
ciated tables above, we can deduce the dominant carriers for each xk symbols, which can be
expressed as
x1 ⇒
1,
2
4
2, 24
x2 ⇒
3,
2
4
4, 24
which translates for the bits into
b
x
(1)
k ,1
⇒
1,
1
2
2, 12
b
x
(0)
k ,1
⇒
1,
1
2
2, 12
b
x
(1)
k ,2
⇒
3,
1
2
4, 12
b
x
(0)
k ,2
⇒
3,
1
2
4, 12
Then based on this dominant subcarriers, LLRs of M-ary bits can be computed using marginal
probabilities instead of joint probabilities, which are expressed as
LLR(bxk,j) = ln

∑
I=Ixk
∑
x∈X(1)
p(y|Hx)p(I
x
(1)
k ,j
)∑
I=Ixi
∑
x∈X(0)
p(y|Hx)p(I
x
(0)
k ,j
)
 (4.16)
where p(I
x
(1)
k ,j
) and p(I
x
(0)
k ,j
) are the probabilities of activation of the dominant carriers asso-
ciated with the M-ary symbols.
Note that a (4,2-QPSK) COFDM-IM system allows a symmetric subcarrier activation pattern
where all subcarriers are activated with equal probabilities and are entirely independent in terms
of associating them with bits. Some examples of COFDM-IM systems that fall in this category
are (8,2-M-ary), (16,2-M-ary) etc.
Unfortunately not many OFDM-IM systems will give such symmetric combinations. An exam-
ple of a COFDM-IM system with non-symmetric activation pattern is the (5,2,QPSK) system.
But by applying the same concept and taking into consideration the activation probabilities in
computing LLR values, we can reduce the computational complexity of the detector. An index
symbol to joint subcarriers mapping of the (5,2,QPSK) system is presented in Table 4.2. Then
a mapping of individual bits to their dominant subcarriers is presented below
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Index bits Subcarrier Activation
000 1 2
001 1 3
010 1 4
011 1 5
100 2 3
101 2 4
110 2 5
111 3 4
Table 4.2: (5,2,QPSK) OFDM-IM LUT for Index to Subcarrier Mapping
Index Bit Dominant
(j=1) Subcarrier
0 1
0 1
0 1
0 1
1 2
1 2
1 2
1 3
Index Bit Dominant
(j = 2) Subcarrier
0 2
0 3
0 3
0 4
1 4
1 5
1 5
1 4
Index Bit Dominant
( j = 3) Subcarrier
0 2
0 4
0 3
0 5
1 3
1 5
1 4
1 4
The dominant carriers and their probabilities are extracted from table above and expressed
as
bI(0),1 ⇒
{
1, 12 bI(1),1 ⇒
2,
3
8
3, 18
bI(0),2 ⇒

2, 18
3, 14
4, 18
bI(1),2 ⇒
4,
1
4
5, 14
bI(0),3 ⇒

2, 18
3, 18
4, 18
5, 18
bI(1),3 ⇒

3, 18
4, 14
5, 18
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For the M-ary symbols, we have dominant subcarriers and probabilities of activation as follows;
x1 ⇒

1, 12
2, 38
3, 18
x2 ⇒

2, 18
3, 14
4, 38
5, 14
which translates into bits to dominant carriers mapping as
b
x
(1)
k ,1
⇒

1, 12
2, 38
3, 18
b
x
(0)
k ,1
⇒

1, 12
2, 38
3, 18
b
x
(1)
k ,2
⇒

2, 18
3, 14
4, 38
5, 14
b
x
(1)
k ,2
⇒

2, 18
3, 14
4, 38
5, 14
Then based on this dominant carriers, we can compute the LLR values of the index and M-ary
bits using Eqs. ?? and 4.16 respectively.
4.4.1 Computational complexity of proposed DCSBD algorithm
In the DCSBD algorithm, the search space for computing LLR of each bit is determined by its
associated dominant subcarriers. The length of the dominant subcarriers determines the pos-
sible realisations to be considered for detection. For the COFDM-IM system with symmetric
activation eg. (4,2,QPSK), (8,2,QPSK), (16,2,16QAM) etc, the total number of realistion is
given by C1/2M . Given that each realsation requires the computation of euclidean distance
metric, the complexity in terms of complex multiplication FLOP operations is given as
CDCSBD−Scm ≈ 2C1/2M, (4.17)
CDCSBD−SFLOP ≈ 12C
1/2M, (4.18)
where DCSBD-S is the dominant carrier soft bit detection of a symmetric COFDM-IM sys-
tem. However, the COFDM-IM system with non-symmetric activation pattern has a dominant
carrier length which is determined by the choice of the associated dominant carriers. In the
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example of (5,2,QPSK) considered here, the associated dominant carrier table shows the first
index bit being associated to subcarriers {123}, while the second and third index bits are as-
sociated to subcarriers {2345}. Because of this unequal length of dominant subcarriers, the
bits have different compuational complexity. Same thing holds in M-ary detection, where the
first M-ary bits is detected from subcarriers {123} and the second M-ary bits are deteted from
subcarriers {2345} So we can express the complexity in terms of complex multiplications and
FLOP operations as
CDCSBD−nScm > 2CM, (4.19)
CDCSBD−nSFLOP > 12CM, (4.20)
where DCSBD-nS is the dominant carrier soft bit detection of a non-symmetric COFDM-IM
system.
4.5 Proposed Equalizer Based Soft Detector with Pairwise LLR
Approximation (EBSD-PLA)
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Figure 4.2: Block Diagram of an Equalizer Based COFDM-IM Receiver
The distinguishing feature between the equalizer based receiver in Fig. 4.2 and the COFDM-
IM receiver unit in Fig. 4.1 is the inclusion of one-tap zero forcing frequency domain equalizer
in the former. The equalizer has as its input the received OFDM-IM signal, which has already
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been decomposed into its frequency components through the DFT block. If the channel es-
timate is error free, the output of the equalizer for each subcarrier can be approximated by
a Gaussian distributed random variable. This holds true especially for the non-transmitting
subcarriers which will have pure AWGN noise variable. The equalized vector is given by
z = Wy
= x+ v, (4.21)
where W is a matrix whose diagonal elements are the equalizer weights given by
W = (H∗H)−1H∗, (4.22)
x is the transmitted OFDM-IM vector and v is the vector of a complex AWGN noise expressed
as v = Ww. Since each OFDM-IM symbol is represented by a cluster xg, z is sent through
the OFDM-IM block decimator for grouping into received OFDM-IM clusters z1, z2, ..., zG for
soft detection. Without loss of generality, we will ommit the subscript g in all our subsequent
notations. To evaluate our proposed method, we will consider a (2,1) QPSK OFDM-IM system
given by the constellation below. In this scenario, the OFDM-IM subcarrier cluster size is n =
OFDM-IM 
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Figure 4.3: (2,1) QPSK Signal Constellation
2 out of which k = 1 is selected for QPSK symbol transmission for each OFDM-IM symbol.
The subcarriers within each cluster are independent but jointly distributed. Consequently, z
will have a distribution with mean vector given by x, which we already know have both zero
and non-zero elements, and a variance Vz which can be computed as [95]
Vzi = E{viv∗i }
= ||Wi||2σ2n, (4.23)
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where Wi is the ith diagonal element of the matrix W. The variance of the vector is given by
the column vector as,
Vz =
[ Vz1
.
.
Vzn
]
(4.24)
We know that some of the subcarriers do not transmit data and so will only be characterised by
white Gaussian noise since their channel coefficients are zeros and cannot be inverted, while the
data carrying subcarriers after equalization can be affected by noise enhancement. As a result
of this we can compute the average variance for any carrier combination of the OFDM-IM
system. Given [z1 z2] equalizer output, the average can be expressed as,
V¯z =
V1 + V2
2
, (4.25)
which can be given for each active subcarrier as,
V¯z =

Vz1+N
2 I = 1
Vz2+N
2 I = 2
(4.26)
The next step is to demap z into soft bits values for onward decoding. From the 3-dimensional
constellation in Fig. 4.3 above, we can demap the respective bits from the constellation planes
each bit belongs to, similar to the idea of I-Q demapping [96, 97], where for example the bits
associated with I-channel of a QPSK or QAM constellation are only affected by the real part
of the received symbol and bits associated with Q-channel affected by imaginary part of the
received symbol. For the Index plane, the bit is affected by both real and imaginary part of the
received symbols and thus will be evaluated using joint I-Q demapping. Using the Log-Map
detector [4.3], the LLR of the index bit is given as,
L(bI,1) =
p(bI,1 = 1|y)
p(bI,1 = 0|y) . (4.27)
which by applying bayes theorem and assuming information bits are i.i.d with equal a priori
probabilities can be expressed as,
L(bI,1) = log

p(z2,r|a)× p(z2,i|a) + p(z2,r|a)× p(z2,i| − a)+
p(z2,r| − a)× p(z2,i|a) + p(z2,r| − a)× p(z2,i| − a)
p(z1,r|a)× p(z1,i|a) + p(z1,r| − a)× p(z1,i|a)+
p(z2,r| − a)× p(z2,i|a) + p(z1,r| − a)× p(z1,i| − a)

, (4.28)
where a is the amplitude of the transmit symbol, zr & zi are the real and imaginary variables
of the equalized M-ary symbols, and z1 & z2 are the equalized symbols of subcarriers 1 & 2
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respectively. Because of the complexity of ML receiver above, we introduce pairwise method
to calculate the LLR of the index bit. The z elements can either be in the same quadrant of their
respected constellations or different quadrants. Evaluation of the pairwise LLR for equalized
symbols that fall within the same quadrant yields
L(bI,1) =

log
{
p(z2,r|a)×p(z2,i|a)
p(z1,r|a)×p(z1,i|a)
}
z2,r > 0, z2,i > 0, z1,r > 0, z1,i > 0
log
{
p(z2,r|a)×p(z2,i|−a)
p(z1,r|a)×p(z1,i|−a)
}
z2,r > 0, z2,i < 0, z1,r > 0, z1,i < 0
log
{
p(z2,r|−a)×p(z2,i|a)
p(z1,r|−a)×p(z1,i|a)
}
z2,r < 0, z2,i > 0, z1,r < 0, z1,i > 0
log
{
p(z2,r|−a)×p(z2,i|−a)
p(z1,r|−a)×p(z1,i|−a)
}
z2,r < 0, z2,i < 0, z1,r < 0, z1,i < 0
(4.29)
By substituting the probability distributions of z elements and solving the equations above, we
are able to write the equivalent expression as
L(bI,1) =

2a
Vzg
(z2,r − z1,r) + (z2,i − z1,i) z2,r > 0, z2,i > 0, z1,r > 0, z1,i > 0
2a
Vzg
(z2,r − z1,r) + (−z2,i − z1,i) z2,r > 0, z2,i < 0, z1,r > 0, z1,i < 0
2a
Vzg
(−z2,r − z1,r) + (z2,i + z1,i) z2,r < 0, z2,i > 0, z1,r < 0, z1,i > 0
2a
Vzg
(−z2,r − z1,r) + (−z2,i − z1,i) z2,r < 0, z2,i < 0, z1,r < 0, z1,i < 0
(4.30)
For equalized z in different quadrants we have the following pairwise combinations.
L(bI,1) =

log
{
p(z2,r|a)×p(z2,i|a)
p(z1,r|a)×p(z1,i|−a)
}
z2,r > 0, z2,i > 0, z1,r > 0, z1,i < 0
log
{
p(z2,r|a)×p(z2,i|a)
p(z1,r|−a)×p(z1,i|−a)
}
z2,r > 0, z2,i > 0, z1,r < 0, z1,i < 0
log
{
p(z2,r|a)×p(z2,i|a)
p(z1,r|−a)×p(z1,i|a)
}
z2,r > 0, z2,i > 0, z1,r < 0, z1,i > 0
log
{
p(z2,r|a)×p(z2,i|−a)
p(z1,r|a)×p(z1,i|a)
}
z2,r > 0, z2,i < 0, z1,r > 0, z1,i > 0
log
{
p(z2,r|a)×p(z2,i|−a)
p(z1,r|−a)×p(z1,i|−a)
}
z2,r > 0, z2,i < 0, z1,r < 0, z1,i < 0
log
{
p(z2,r|a)×p(z2,i|−a)
p(z1,r|−a)×p(z1,i|a)
}
z2,r > 0, z2,i < 0, z1,r < 0, z1,i > 0
log
{
p(z2,r|−a)×p(z2,i|a)
p(z1,r|a)×p(z1,i|a)
}
z2,r < 0, z2,i > 0, z1,r > 0, z1,i > 0
log
{
p(z2,r|−a)×p(z2,i|a)
p(z1,r|a)×p(z1,i|−a)
}
z2,r < 0, z2,i > 0, z1,r > 0, z1,i < 0
log
{
p(z2,r|−a)×p(z2,i|a)
p(z1,r|−a)×p(z1,i|−a)
}
z2,r < 0, z2,i > 0, z1,r < 0, z1,i < 0
log
{
p(z2,r|−a)×p(z2,i|−a)
p(z1,r|a)×p(z1,i|a)
}
z2,r < 0, z2,i < 0, z1,r > 0, z1,i > 0
log
{
p(z2,r|−a)×p(z2,i|−a)
p(z1,r|a)×p(z1,i|−a)
}
z2,r < 0, z2,i < 0, z1,r > 0, z1,i < 0
log
{
p(z2,r|−a)×p(z2,i|−a)
p(z1,r|−a)×p(z1,i|a)
}
z2,r < 0, z2,i < 0, z1,r < 0, z1,i > 0
(4.31)
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By solving the equations we have
L(bI,1) =

2a
Vzg
(z2,r − z1,r) + (z2,i + z1,i) z2,r > 0, z2,i > 0, z1,r > 0, z1,i < 0
2a
Vzg
(z2,r + z1,r) + (z2,i + z1,i) z2,r > 0, z2,i > 0, z1,r < 0, z1,i < 0
2a
Vzg
(z2,r + z1,r) + (z2,i − z1,i) z2,r > 0, z2,i > 0, z1,r < 0, z1,i > 0
2a
Vzg
(z2,r − z1,r) + (−z2,i − z1,i) z2,r > 0, z2,i < 0, z1,r > 0, z1,i > 0
2a
Vzg
(z2,r + z1,r) + (−z2,i + z1,i) z2,r > 0, z2,i < 0, z1,r < 0, z1,i < 0
2a
Vzg
(z2,r + z1,r) + (−z2,i − z1,i) z2,r > 0, z2,i < 0, z1,r < 0, z1,i > 0
2a
Vzg
(−z2,r − z1,r) + (z2,i − z1,i) z2,r < 0, z2,i > 0, z1,r > 0, z1,i > 0
2a
Vzg
(−z2,r − z1,r) + (z2,i + z1,i) z2,r < 0, z2,i > 0, z1,r > 0, z1,i < 0
2a
Vzg
(−z2,r + z1,r) + (z2,i + z1,i) z2,r < 0, z2,i > 0, z1,r < 0, z1,i < 0
2a
Vzg
(−z2,r − z1,r) + (−z2,i − z1,i) z2,r < 0, z2,i < 0, z1,r > 0, z1,i > 0
2a
Vzg
(−z2,r − z1,r) + (−z2,i + z1,i) z2,r < 0, z2,i < 0, z1,r > 0, z1,i < 0
2a
Vzg
(−z2,r + z1,r) + (−z2,i − z1,i) z2,r < 0, z2,i < 0, z1,r < 0, z1,i > 0
(4.32)
Next is to find the LLR values of the QPSK symbol transmitted into the active carrier. We
already know from I-Q demapping that the first bit of QPSK will only be affected by the real
part of the received symbols. Thus the ML soft demapping expression is given by
L(bS,1) = log
{
p(z2,r|a)+p(z1,r|a)
p(z2,r|−a)+p(z1,r|−a)
}
(4.33)
A pairwise evaluation for the QPSK bits just like the one for the index bit yields
L(bS,1) =

log
{
p(z2,r|a)
p(z2,r|−a)
}
z2,r > 0|z2,r < 0
log
{
p(z2,r|a)
p(z1,r|−a)
}
z2,r > 0|z1,r < 0
log
{
p(z1,r|a)
p(z1,r|−a)
}
z1,r > 0|z1,r < 0
log
{
p(z1,r|a)
p(z2,r|−a)
}
z1,r > 0|z2,r < 0
=

2a
Vzg
(2z2,r) z2,r > 0|z2,r < 0
2a
Vzg
(z2,r + z1,r) z2,r > 0|z1,r < 0
2a
Vzg
(2z1,r) z1,r > 0|z1,r < 0
2a
Vzg
(z2,r + z1,r) z1,r > 0|z2,r < 0
(4.34)
It can be easily verified that the L(bS,2) for the second bit of the QPSK symbols is the same
with Eq. 4.34 with zr-real variables replaced by zi-imaginary variables. Expressions 4.30 and
4.32 which represent the pairwise LLR functions for the index bit and 4.34 which represent
the LLR for the QPSK bits are still cumbersome to evaluate, so we introduce the approximate
LLR expressions to simplify and replace 4.30 and 4.32, and 4.34 accordingly. The approximate
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expressions are given by
L(bI,1) ' 2a
Vzg
(|z2,r| − |z1,r|+ |z2,i| − |z1,i|), (4.35)
L(bS,1) ' 2a
Vzg
(z2,r + z1,r), (4.36)
L(bS,2) ' 2a
Vzg
(z2,i + z1,i), (4.37)
The approximations for the index bits in Eq. 4.35 correspond to the distance between the active
equalized carrier and the inactive carrier. For the M-ary bits, Eq. 4.36 and Eq 4.37 give the
estimated distances of the received equalized signal of the active carrier to the partition bound-
ary, and the effect of noise of inactive carrier also taken into account. The overall result will
either be positive or negative in which the sign indicates what bit was transmitted. Formulae
4.35, 4.36 and 4.37 can be generalised for equalised OFDM-IM constellation with QPSK M-
ary modulation. Let I(1)k be the index set of for input bit (k = 1) and I
(0)
k be the index set of bit
(k = 0), and let IsKs be all possible indeces for which sKs m-ary symbol can be transmitted .
Then the general LLR functions can be approximated as
L(bI,k) ' var−1(
∑
n∈I(1)k
|<{zn}|+ |={zn}| −
∑
m∈I(0)k
|={zm}|+ |={zm}|)
L(bsKs,1) ' var−1
∑
q∈IsKs
<{zq},
L(bsKs,2) ' var−1
∑
q∈IsKs
={zq},
(4.38)
where < and = are the real and imaginary components of the equalized signal.
4.5.1 Computational Complexity of EBSBD-PLA
In this proposed equalizer based soft detection with pairwise LLR approximation, it can be seen
that the only complex multiplication complexity comes from the computation of the variances
of each cluster, which has an order of complexity of computing euclidean distance. This can
be expressed as
CEBSBD−PLAcm = 2n, (4.39)
CEBSBD−PLAFLOP = 12n, (4.40)
the other computational requirements are simple addition and subtraction operations.
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Figure 4.4: BER performance of a 1/2 Rate, 4,2 BPSK COFDM-IM System
Consider an OFDM-IM system with N = 256 sub-carriers with (4, 2) and (4, 3) BPSK and
QPSK configurations with punctured convolutional encoder to vary the code rate and a viterbi
decoder. The performance of the proposed soft detectors is evaluated over IEEE802.11 fad-
ing channel with 11-taps [98] in terms of BER and computational complexity. In Fig. 4.4
and Fig. 4.5, the BER performance of 1/2 rate (4,2,BPSK) and (4,2,QPSK) for various de-
tection schemes are illustrated. The DCSBD proposed detector, which is porposed detector 1
on the Fig. 4.4 has the same performance as the optimum detector and at a very significant
reduction in compuational complexity. While optimum detection requires about 64 complex
multip,ications to compute each bit LLR, the DCSBD algorithm requires only 16 complex
multiplications to achieve same result. In Fig. 4.5, where the M-ary modulation is a QPSK,
the results are very close and complexity reduction is from 256 complex multiplications to 32
complex multiplications. It is shown that both proposed low complexity detectors have shown
good BER performance with a maximum loss of around 0.8dB at BER of 10−3 compared to
the optimum Log-MAP detector but also better performance than hard viterbi and uncoded sys-
tems. However, comparing the BPSK scheme with QPSK scheme, plots show that proposed
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Figure 4.5: BER performance of a 1/2 Rate, 4,2 QPSK COFDM-IM System
method-1 (DCD) performs better with low order M-ary modulation while proposed method-2
performs better with higher order M-ary modulation. By comparing the BER performance in
Fig. ?? and Fig. ??, we can infer that while both proposed methods degrade more with high
code rates, the maximum performance loss of the two proposed method is around 1.5dB when
code rate of 4/5 is used compared to 0.8dB when a code rate of 1/2 is used. This means low
code rates give better performance. In another comparison, where subcarrier loading is con-
sidered, Fig. ?? and Fig. ?? with 50% and 75% subcarrier activation respectively using 1/2
code rate, show degradation of BER when max-log-MAP is used for higher subcarrier loading.
4, 3, QPSK OFDM-IM system which uses our proposed method-2 shows 3dB improvement
over max-log-MAP compared to almost same performance in a 4, 2QPSK system. Fig. ??
only compares max-log-MAP, hard viterbi, proposed method-1 and proposed method-2 be-
cause implementing Log-MAP requires up to 3000 complex exponential operations with more
than 32 nesting operations. The version of MATLAB we used is limited to handle only 32
nested operations and therefore unable to compute the log-MAP results. It is clear that log-
MAP for high dimensioned or high subcarrier activated systems is not practicable and the only
detector which is tractable in such situations is the hard viterbi detector since max-log-MAP
suffers high perfromance loss. But with our proposed methods which show close BER perfor-
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Figure 4.6: BER performance of a 4/5 Rate, 4,2 QPSK COFDM-IM System
mance to hard viterbi for a high subcarrier activation and with greatly reduced computational
complexities, we have been able to validate the effectiveness of our proposed soft output low
complexity detectors.
4.7 Conclusion
In this chapter, by exploiting the subcarrier activation arrangement in the transmitter, we first
design a new low complexity soft bits detector whose complexity in terms complex multipli-
cations is significantly less than that of Log-MAP soft bit detector and has a near log-MAP
BER performance when the subcarrier index distrbution are symmetrical. In addition, we pro-
posed an equalizer based receiver to mitigate the effect of fading and allow for pairwise LLR
detection. Instead of using the multiple pairwise LLR expressions to evaluate the system, we
use a linear approximated LLR expression. Both proposed methods have shown good BER
performance and for high order OFDM-IM system in which optimum log-MAP is not feasible,
the equalizer based soft bits detector with pairwise LLR approximation offer a low complexity
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alternative for BER evalaution.
Chapter 5
Conclusion and Future Work
Index modulation based multicarrier system has emerged as a promising technique to improve
spectral and energy efficiencies in future wireless networks. This is because additional dimen-
sion is exploited in addition to the conventional I-Q dimensions used for signal transmission.
This results into additional data being encoded into the transmission block. The third dimension
is offered by the index combination of the subcarriers in an active-inactive fashion. Those in-
active subcarriers within the cluster will offer energy saving which means reducing the overall
energy that would have been required for transmission if all carriers were active. This system
offer great advantages in terms of BER performance and capacity and it is more resilient to
frequency offset compared to the conventional OFDM.
Inspite of the advantages of this system, the use of high order modulation limits its performance
and as a matter of fact it can only achieve better spectral efficiency for data rates (≤ 2b/s/Hz).
Since most of the work on OFDM-SIM consider AWGN channel with hard detection, under-
standing and fully characterising its code performance still requires attention. There is also
room for research in diversity performance. In what follows, are the summary of this thesis,
general conclusion and future work that can advance the research.
5.1 Summary and Conclusion
This thesis has focused mainly on the BER performance of the index modulation based multi-
carrier systems to give adequate understanding of how robust the system can be for use in future
networks. Although most papers have shown the BER performance superiority of OFDM-SIM
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over conventional OFDM and few also have attempted to present analytical expressions for
the BER performance, We undertook to fully analyse the error performance and present closed
form expressions for the BER performances to a very high degree of accuracy. In the chap-
ter 3 of this thesis, we presented the closed form and generalised expressions for OFDM-SIM
in AWGN channel. By using integral methods we show that expressions for fading channels
too can be derived to very high degree of accuracy as well. The theoretical framework estab-
lished in this chapter provides a valuable reference and guideline for the design of OFDM-IM
systems.
Although not much has been researched in the use of channel coding to improve the perfor-
mance of OFDM-SIM in fading channels, we know that when coded systems gain popularity,
there would be need for soft detection for the systems to achieve their full potential. Maximum
likelihood with hard detection, symbol LLR detection and bits LLR detection are all some of
the techniques that can be used, but some of them like symbol LLR detection has constraints
and making them unsuitable for use. Hard detection as we know is not able to provide de-
coding gain since it doesn’t have any reliability information to share with the decoder. MAP
based LLR however, is the optimum soft decoding scheme but only practicable for low dimen-
sioned OFDM-IM systems. Its complexity grows beyond bounds and therefore making them
unimplementable for practical applications. We presented theory behind the optimum MAP
based LLR detection and the complexity analysis in chapter 4. In an attempt to reduce the
complexity in computation of Log-MAP algorithm, max-log-MAP was developed and found
to have near ML performance, But the complexity reduction isnt significant as it only reduces
the complexity by discarding the eponential operations. The number of complex multiplication
are still in the same order since max-log-MAP has to compute all euclidean distances first to
make a decision on which metric parameters give the minimum. As a result of these chal-
lenges we proposed two novel low complexity soft bits detection methods in chapter 4. They
both have shown reasonably good performance for the examples we adopted and have bear-
able complexity requirements. The first proposed method tagged dominant carriers detection
identifies and associate each bit with some carriers and use the carriers for detection instead of
searching through all the carriers. This method has classed all OFDM-IM systems into sym-
metric and non symmetric systems depending on their subcarrier activation pattern. For the
symmetric systems such as (n=4, k=2, M-ary), (n=8, k=2, M-ary), (n=16, k=2, M-ary) sytems
etc., dominant carrier detection gives a near optimum BER performance with very low com-
plexity. However, for non-symmetric systems such as (n=5, k=2, M-ary) systems, there is an
irreducible error floor due to unequal ditrbution of the subcarriers. This method can be applied
to any OFDM-IM system with (k¡n/2) and still maintain the very low detection complexity.
The second proposed method achieves great reduction in compuatational complexity by elimi-
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nating the complex multiplications and expontial fuctions. The Detection algorithm is a linear
operation which comprises of addition and subtraction of variables to compute the bits LLR
values. This will no doubt be very useful in the detection of coded OFDM-IM systems.
5.2 Future Work
This thesis has addressed some of the challenges of index modulation based multicarrier sys-
tems and contributes to body of knowledge, however more work needs to be done to advance
this contributions. In this context, we have listed some of the important research areas we
intend to continue researching on as follows:
1. Generalised expression for the performance analysis of OFDM-IM in fading chan-
nels: We have shown that the derived BER expression in AWGN channel is a weighted
sum of exponential and Q-functions. In order to extend the work to a generalised expres-
sion for fading channels, MGF analysis can be applied since all constituent errors in the
expression are exponential functions.
2. OFDM-IM user performance at cell edge: Because of the nature of OFDM-IM in
which subcarrier loading can be low, we need to study and characterise its distribution at
cell edge for proper performance analysis. With full loading, the distribution is gaussian
which is adjuged worse for error performance. This could lead to an adaptive design
such that users at cell edge can lower their subcarrier loading rate to enjoy the potential
benefit of improved performance.
3. OFDM/FBMC-IM system in high mobility scenario: It would be interesting to also
study the kind of distribution this scenario would provide and evaluate as well for the
benefit of future wireless networks.
4. Full performance analysis of FBMC-IM: To advance chapter 5 of my work, we need
to perform analytical exercises to model the performance of the system for accurate
evaluation.
5. Non-synchronous OFDM-IM: By the nature of index modulation based systems, the
inactive carriers provide a nature band gap which could relax the need for tight synchro-
nisation. we would study index modulation for non synchronous applications.
6. Soft detector for FBMC/QAM-IM system: In chapter 4, our second proposed method
for soft bit demapping looks promising to apply to any size of index modulation cluster.
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We would perform asymptotic analysis to see how changes in parameters such as vari-
ance affects the performance of the detector. Hopefully we can come up with a simpler
and more tractable generic soft detector for cosded OFDM-IM systems.
7. Detection improvement of non-sysmmetric OFDM-IM system: Error floor which
results from the unequal distribution of subcarriers can be improved. This work can be
advanced by the application of iterative detection to overcome or improve the error floor
problem.
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